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Abstract 
 
Beaver Lake is a 152 acre lake in Ware, MA privately owned by the Beaver Lake Trust, Inc. The 
objectives of the project were to characterize the water quality in Beaver Lake and evaluate best 
management practices for improving and maintaining water quality. Water samples were collected 
at seven locations in fall of 2013 and analyzed for temperature, pH, dissolved oxygen, alkalinity, 
conductivity, turbidity, nutrients and bacteria. Results showed some concern for water quality with 
pH levels as low as 6.5 and phosphorus concentrations as high as 2.68 mg/L. The results led to the 
development of a long term management plan, which included recommendations of best 
management practices, education of the lake residents and a weir design.  
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Capstone Design Statement 
 
This project fulfills the requirements of the Major Qualifying Project and capstone design at 
Worcester Polytechnic Institute. The purpose of this project was to evaluate the water quality of 
Beaver Lake and provide recommendations for improving and maintaining the water quality. In 
addition, the project evaluated best management practices (BMPs) applicable to Beaver Lake 
based on cost, effectiveness, implementation, maintenance and priority. The report also includes a 
weir design process to replace the existing weir, which has failed an inspection by the Department 
of Conservation and Recreation.   
 
Based on the current use of Beaver Lake (primary contact recreation), potential water quality issues 
were identified. The relevant water quality parameters were researched and water samples from 
the lake were tested in a laboratory over a three month period. The results were compared to 
Environmental Protection Agency standards, and BMPs were evaluated based on the results. A 
lake management plan, including multiple BMPs was recommended. The project met capstone 
design requirements by considering the following factors in the design process: economic 
considerations, environmental interactions, and health and safety.  
 
Economic considerations were important in developing designs for improvement to the 
weir, the invasive species treatment and monitoring plan. Funds for the management plan 
come from the dues of Beaver Lake Club Corporation members. The fixed budget limits 
the funds available to commit to water quality monitoring and remediation.  
 
Environmental interactions are another major component of a water quality analysis 
project. Water quality is impacted by multiple sources of pollution and must be evaluated 
based on multiple parameters. Laboratory results demonstrated high concentrations of 
nutrients in Beaver Lake. The highest ranked BMPs included reduction in pesticide use 
and maintenance of septic systems to reduce nutrient inputs into the lake.  
 
Health and safety were important factors in the testing of bacteria. The waterfowl 
population at Beaver Lake can contribute fecal contamination to the water and pose a public 
health risk if ingested. The bacteria results indicated that fecal coliforms were not a concern 
to Beaver Lake between the months of September through November.  
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Executive Summary 
 
Freshwater resources in the United States provide drinking water to the nation as well as habitats 
that support aquatic species. These lakes and reservoirs are constantly exposed to natural or human 
threats and water quality must be monitored. In cases where water quality is at risk, steps should 
be taken to protect these important natural resources. One way this is completed is by the adoption 
of water quality standards. The United States created water quality legislation in 1948 and after 
the formation of the EPA, adapted the Clean Water Act in 1972. Regulations were created to ensure 
compliance to the act on the state and tribal level.  
 
The project focused on Beaver Lake, a 152 acre lake located in Ware, MA. The goal of the project 
was to develop a long term management plan to sustain the water quality of Beaver Lake. There 
are multiple parameters used to study water quality and these include physical, chemical and 
biological parameters. The parameters of interest to this project were temperature, turbidity, pH, 
alkalinity, dissolved oxygen, conductivity, nutrients and bacteria. Each provides a unique insight 
into the water quality of Beaver Lake and can provide the necessary information to maintain high 
water quality. 
 
Beaver Lake is classified as a Class B lake according to the EPA and must meet specific criteria 
for dissolved oxygen, pH and bacteria levels to be considered safe for recreational purposes. 
Water quality testing was completed for this project on five different dates from September 23 to 
November 20, 2013. Testing was completed at seven different locations throughout the lake 
including all three beach locations, the inlet, the outlet and one location in the middle of the lake.  
 
The pH levels at Beaver Lake were on average 6.8 and as low as 6.5, the lowest allowable pH 
value according to EPA standards. pH levels are important to support aquatic life and allow for 
reproduction and growth. Nutrient levels ranged from 0.09 to 2.68 mg/L of phosphorus and 0.5 to 
1.5 mg/L for nitrogen. The levels are a 10 fold increase from the testing conducted in 2010 which 
ranged from 0.01 mg/L to 0.22 mg/L. Although nutrients are important to aquatic growth, 
increased levels encourage algal blooms, which are both harmful to the ecosystem of Beaver Lake, 
as well as aesthetically displeasing. Bacteria levels were tested and the results were below 
recreational water quality limits; however additional testing is recommended in the summer during 
the bathing season.  
 
Best management practices (BMPs) are important for maintaining or improving water quality in 
natural water bodies. BMPs were evaluated for Beaver Lake based on cost, effectiveness, 
implementation, maintenance and priority. First, water quality should be monitored as part of a 
regimented monitoring program for temperature, pH, dissolved oxygen, conductivity, turbidity, 
nutrient levels, and bacteria levels. Second, a sediment survey should be conducted to determine 
the chemical properties and nutrient levels of the lake bottom. Third, there are current BMPs used 
on Beaver Lake that should be continued. These include herbicide treatments of invasive weeds, 
an annual winter lake draw down, and the exclusion of outside boats from the lake. Lastly, 
household practices that can indirectly improve water quality, such as reducing fertilizer use, and 
septic maintenance and repair, should be encouraged.  
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The Beaver Lake weir, which recently failed to meet regulations as documented by a Phase 1 
inspection, will need to undergo renovations. It is essential to evaluate a weir design to perform a 
hydrologic, hydraulic, and structural analysis in addition to a cost estimate. Although an entire 
weir design was outside the scope of this project, the steps needed to meet Massachusetts 
regulations and safety requirements were outlined. Further modeling and design would need to be 
completed to determine the best repair or design for the weir.  
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1.0 Introduction 
 
Lakes and reservoirs are a major resource in the United States. Although they only account for 
about 2% of the country’s land area, they are vitally important. Freshwater lakes and reservoirs 
provide 70% of the nation’s drinking water, as well as water for industrial uses, irrigation and 
hydropower (EPA, 2013c). They are also influential in the tourism, recreation, and real estate 
industries. In addition to benefitting the human population, lakes and reservoirs are ecosystems 
that support different species and their natural interactions. There are more than 2,900 lakes in the 
Commonwealth of Massachusetts, all affecting the human population, wildlife, and the 
environment. Lakes are constantly exposed to threats that can lower their water quality. These 
threats include pollutants, stormwater runoff, invasive species, industrial waste, and other harmful 
influences (Robinson, 2013b). It is important to monitor the water quality of lakes and take the 
necessary action to mitigate or eliminate threats to the well-being of lakes. 
 
1.1 Water Quality Standards 
 
Water quality standards are essential for maintaining the quality of freshwater resources. As the 
uses for water have evolved and populations have grown, regulations on water quality have been 
updated to protect waters. The United States created its first comprehensive legislation focused on 
water quality in 1948. The United States Environmental Protection Agency (EPA) was formed in 
1970 and subsequently promulgated the Clean Water Act in 1972, which serves as the basic 
structure for all current water quality regulations. The EPA describes water quality standards as 
those that “define the goals for a water body by designating its uses, setting criteria to protect those 
uses, and establishing provisions such as antidegradation policies to protect water bodies from 
pollutants” (EPA, 2013b).  Water quality standards are further regulated on a state or tribal level.   
 
In the Commonwealth of Massachusetts, the Massachusetts Department of Environmental 
Protection (DEP) works to maintain water quality within the state. The majority of water bodies 
in Massachusetts are state owned, however there are some that are privately owned. Private lakes 
are exempt from EPA and DEP regulations. Despite exemptions, maintaining the quality of a lake 
is important to the residents adjacent to the lake, aquatic life, wildlife, and the environment.  
 
1.1.1 Water Quality in Beaver Lake 
 
The focus of this project was Beaver Lake in Ware, MA. Beaver Lake is a privately owned, 152 
acre lake primarily used for recreation. While the lake is exempt from federal and state regulations, 
the trust organization that owns Beaver Lake, the Beaver Lake Trust, Inc. (BLTI) recognizes the 
importance of preserving its water quality and creating a management plan. The goal of this project 
was to create a long-term management plan for improvement and maintenance of water quality in 
Beaver Lake. 
 
1.2 Water Quality Testing 
 
Testing water quality is important to assess the influence of the surrounding environment on a 
particular body of water.  This environment can include land developed for human use and 
undeveloped land areas. Water quality data can be used to determine the effects of groundwater 
 
 
  
and stream water on aquatic ecosystem health and uncover sources of pollution (Prasad et al., 
2012). These characteristics can be monitored for one time period, or monitored over multiple 
events to see changes in the properties.  Water quality testing parameters can be organized into 
three categories: physical, chemical and biological. There are a number of testing parameters 
described below that were chosen for this project based on previous testing on Beaver Lake and 
characterization of the water body as classified by the EPA.   
 
1.2.1 Physical Water Quality 
 
The physical characteristics of surface waters help determine water quality. Physical 
characteristics of importance include temperature and turbidity. Water temperature is important to 
monitor to compare to other aspects of water quality. Temperature has a direct effect on dissolved 
oxygen (DO). For example, the saturated value of DO at 4°C (freezing) is 13.09 mg/L, at 20°C 
(standard) is 9.07 mg/L and at an average summer lake water temperature of 25°C is 8.24 mg/L 
(EPA, 2012c). Temperature can also impact the presence of bacteria (Davis, 2005). Bacteria thrive 
in warmer temperatures, thus warmer water can promote their growth. During a period of testing, 
the temperature of the water may vary depending on the weather patterns of the study area and 
season.  
 
Turbidity is the measurement of the amount of suspended solids in water (Luoheng, 1996). 
Suspended solids include sediment, phytoplankton and detritus. These are the result of stormwater 
runoff, soil erosion and dredging activities. High turbidity prevents light from easily passing 
through the water and reaching the plants on the bed of the lake.  In turn, the primary productivity 
of the aquatic system would be reduced (Luoheng, 1996).  
 
1.2.2 Chemical Water Quality 
 
Chemical water quality can be defined as “the quantity and diversity of organic and inorganic 
chemicals in water” (Artiola, 2004). Parameters that characterize chemical water quality include 
pH, alkalinity, conductivity, dissolved oxygen and nutrients. Chemical components of water can 
affect the safety of water for consumption, recreational use, and the ability of a water to support 
aquatic life.  
 
1.2.2.1 pH and Alkalinity 
 
pH is a measure of the hydrogen ion activity in a solution categorized by a scale of 0 to 14, with 0 
being the most acidic and 14 the most basic of solutions (EPA, 2012a). Chemical reactions can be 
impacted by the level of pH (Ritter, 2010). Enzyme catalysts in chemical reactions have an optimal 
pH where the enzyme is most active and the pH value can help drive reactions or result in a loss 
of activity. It is important to monitor the pH level in surface water because organisms have a better 
rate of cellular metabolic activity and more easily maintain homeostasis in a pH range of 6.5-7.5. 
High pH levels can occur when algae and vegetation use carbon dioxide for photosynthesis. 
Photosynthesis is modeled by Reaction 1. 
 6𝐶𝐶𝐶𝐶2 + 6𝐻𝐻2𝐶𝐶 → 𝐶𝐶6𝐻𝐻12𝐶𝐶6 + 6𝐶𝐶2                                        Reaction 1 
 
 
 
2 
  
Alternately, low levels of pH can be caused when organisms respire or bacteria decay and produce 
higher levels of carbon dioxide (CO2) as shown by Reaction 2 for cellular respiration: 
 
𝐶𝐶6𝐻𝐻12𝐶𝐶6 + 6𝐶𝐶2 → 6𝐶𝐶𝐶𝐶2 + 6𝐻𝐻2𝐶𝐶 + 36 𝐴𝐴𝐴𝐴𝐴𝐴                 Reaction 2 
 
Low pH (acid) water can mobilize toxins, which becomes a concern if plants and animals take in 
these toxins. 
 
Alkalinity is the capacity of a water body to neutralize acids and resist rapid changes in pH (EPA, 
2012a). Compounds including bicarbonates, carbonates, and hydroxides neutralize hydrogen ions 
in the water and are able to maintain pH conditions. Some influences on alkalinity include plant 
activities, wastewater discharges, salts and soils. Monitoring alkalinity of a surface water body is 
important to test the ability of the water to neutralize pollution from rainfall and wastewater (EPA, 
2012b).  
 
1.2.2.2 Conductivity 
 
Conductivity is the ability of an electrical current to pass through water (Bartram, 1996).  
Conductivity is measured in microsiemens (µS) and typically ranges from 50 to 1500 
microsiemens for potable waters in the United States (Ritter, 2010). If the water body contains 
high concentrations of anions and cations, which have positive and negative charges, the 
conductivity will be higher. Conversely, if there is a high concentration of organic molecules, 
which are nonconductive, the conductivity will be lower. The temperature of the water can 
influence conductivity. Warmer water is less viscous than cooler water and the electrical current 
can flow more easily in warmer water. Therefore, conductivity measurements must be corrected 
for temperature if the instrument does not automatically correct the data (Ritter, 2010). Human 
activities can impact conductivity through septic system discharges from agricultural and 
impervious lands (Bartram, 1996).  
 
1.2.2.3 Dissolved Oxygen 
 
The concentration of oxygen gas in water is referred to as dissolved oxygen (DO). This parameter 
is measured for water quality because it is essential to supporting aerobic aquatic life and their 
reproduction (EPA, 2012c). Oxygen in water is consumed by respiration from organisms, 
decomposition, and various chemical reactions. DO is measured as a percent saturation or the 
amount of oxygen one liter of water can hold at a given temperature. Table 1 shows the maximum 
DO concentrations of a water body at varying temperatures in degrees Celsius. 
 
Table 1 – Maximum DO concentrations at varying temperatures 
Temperature 
(°C) 
0 5 10 15 20 25 30 
DO (mg/L) 14.60 12.75 11.27 10.07 9.07 8.24 7.54 
 
As shown in Table 1, as the temperature decreases, water has a higher capacity for DO. Because 
of this temperature dependence, the DO levels tend to fluctuate depending on season and the time 
of day. Another factor affecting DO saturation is altitude. Water at higher altitudes will not hold 
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as much oxygen (EPA, 2012c). DO can also fluctuate over the course of a 24 hour period and one 
grab sample may not indicate the full daily range of DO levels (Ritter, 2010).   
 
1.2.2.4 Nutrients  
 
Eutrophication is a natural aging process occurring in a body of water that is over-enriched with 
nutrients, specifically nitrogen and phosphorus. Eutrophication can lead to increased growth rates 
of phytoplankton in water bodies and the overgrowth of aquatic plants (Lerman, 2010). As plants 
die, organisms degrade the plants, consuming the available oxygen in the water. Natural 
eutrophication takes place over geologic time, however, there are many human activities that can 
accelerate the process which is called cultural eutrophication.   
 
Factors contributing to eutrophication in a water body include temperature, light, and nutrient input 
(Lerman, 2010). Nitrogen and phosphorus are the limiting agents (or the limiting nutrients) in the 
production of phytoplankton and in the eutrophication process (WEF, 2011). Nitrogen can occur 
in four stable inorganic forms: ammonia (NH4+), nitrate (NO3–), nitrite (NO2–) and nitrogen gas 
(N2). Groundwater inputs and urban or agriculturally influenced streams can increase the 
concentration of nitrite due to nutrient loading. Overall, nitrite levels are relatively low because it 
is an intermediate between nitrification and denitrification (WEF, 2011). 
 
Nitrification is a process in which reduced nitrogen compounds are oxidized to nitrite and nitrate 
(EPA, 2012d). The first step in the process is the oxidation of ammonia to nitrate as written in 
Reaction 3.  
NH3 + O2 → NO2+ 3H+ + 2e-                            Reaction 3 
 
The nitrite oxidizing bacteria, Nitrobacter, then converts nitrite to nitrate according to Reaction 4. 
 
NO2- + H2O → NO3- + 2H+ +2e-                Reaction 4 
 
The two groups of nitrifying bacteria use energy obtained from the inorganic sources of nitrogen, 
including ammonia or nitrate. Heterotrophic bacteria and fungi can also complete nitrification, 
however, these organisms convert nitrogen compounds at a much slower rate (EPA, 2012d). 
Impacts of nitrification include increased nitrate and nitrite levels and bacterial growth, while 
reducing the alkalinity, pH, and dissolved oxygen in surface water. Although nitrification may 
degrade water quality, it does not pose a direct threat to public health (EPA, 2012d). 
 
Phosphorus can exist in orthophosphate in the following multiple inorganic forms: H3PO4, H2PO4−, 
HPO42−, and PO43. It can also be comprehensively regarded as total phosphorus, which is a sum of 
orthophosphates, organically bound phosphates, and condensed phosphates. Phosphorus comes 
from sources such as soil, rocks, fertilizer runoff, and leaking septic systems. It is an essential 
nutrient to any living organism in a body of water but can have negative impacts in large quantities. 
Orthophosphate is a main nutrient found in fertilizers and can over stimulate plant growth (EPA, 
2012d). The decay of organic matter allows for the recycling of phosphorus, or it can be recycled 
through microbial activity in the sediment.  Inorganic phosphorus is produced by organisms that 
have alkaline phosphatases from the organic phosphates formed after decay. The rapid 
 
 
4 
  
regeneration of phosphorus can occur in the water sediment and water column and is used by 
bacteria and phytoplankton, again contributing to eutrophication.   
 
1.2.2.5 Microorganisms 
 
Water quality regulations are in place to prevent waterborne diseases. Pathogens such as Giardia, 
Cryptosporidium, and Legionella are transmitted via the fecal-oral route, when sewage or feces 
from an infected human or animal gets into a water body. They can cause gastrointestinal illness, 
including nausea, cramps, diarrhea, and headaches, and threaten the immune system. Testing for 
individual pathogens is expensive and complex. Instead of completing tests for these specific 
diseases, indicators are used to detect the potential presence of disease causing organisms (Ritter, 
2010).  
 
Total coliforms are used as an indicator for potentially harmful bacteria. Total coliforms are an 
overarching term for bacterial coliforms found in both fecal matter and vegetation. A subset of 
total coliforms is E. coli, a coliform species found in the intestinal tracts of warm-blooded animals. 
Enterococci are another useful indicator used to predict the risk for human-specific pathogens, 
especially in saltwater (EPA, 2013a). Enterococci are a type of streptococcus, also found in the 
intestines of warm-blooded animals that can be harmful if introduced elsewhere in the body.  Both 
coliforms and enterococci are regularly used in water quality testing. Regulations for recreational 
bodies of water are described in Section 1.3. 
 
1.3 Water Classifications and Criteria 
 
The Commonwealth of Massachusetts classifies surface waters into three categories: A, B, or C. 
The EPA reviews these classifications and their accompanying standards. Class A bodies of water 
include all public water supplies and their tributaries. They must be an excellent habitat for aquatic 
life and wildlife, and must also be fit for primary and secondary contact recreation.  Class B bodies 
must be designated as habitats for aquatic life and wildlife, and again be fit for primary and 
secondary contact recreation. While Class B bodies of water do not include any current public 
water supplies, they must be able to serve as public water supplies with proper treatment. 
Additionally, the water must be useable for irrigation and as cooling water in industrial processes. 
Class C bodies of water are designated as a suitable habitat for aquatic life and wildlife, and for 
secondary contact recreation. For each classification, there are accompanying water quality 
standards that give both quantitative and qualitative criteria for each classification (DEP, 2013a).  
 
Beaver Lake is not listed in the EPA Surface Water Quality Standards table of classifications. 
Therefore, a classification was assumed by the project team based on the uses of the water body. 
Beaver Lake is home to fish, other aquatic life, and wildlife. With recreation being a main use of 
the lake, it is used for both primary and secondary contact recreation. Based on these data, Beaver 
Lake would be a Class B water body. The classification of the inlet body of water, Beaver Brook, 
also supports the classification of Beaver Lake. Beaver Brook is listed in the Massachusetts 
Surface Water Quality Standards table as a Class B body of water (DEP, 2013b).  
 
Class B waters must meet criteria for the following parameters: dissolved oxygen, temperature, 
pH, bacteria, solids, color and turbidity, oil and grease, and taste and odor. The criteria are 
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summarized in Table 2. These criteria for a Class B surface water body were used as guidelines in 
determining the overall status of Beaver Lake. 
 
Table 2 – Class B surface water quality criteria 
Parameter Acceptable Limits 
Dissolved Oxygen ≥ 6.0 mg/L 
Temperature ≤ 68° F 
pH 6.5 – 8.3 
 
 
Bacteria 
E. coli Enterococci 
≤ 126 colonies/100 mL (average 
of 5 samples) 
≤ 33 colonies/ 100mL (average 
of 5 samples) 
≤ 235 colonies/100 mL (single 
sample) 
≤ 104 colonies/100 mL (single 
sample) 
Solids Must be free from floating, suspended, and settleable solids 
Color and Turbidity Must be free from color and turbidity that compromise aesthetics 
Oil and Grease Must be free from oil and grease that produce visible layer on water 
Taste and Odor Must not be aesthetically objectionable, must not have undesirable 
flavor for aquatic life 
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2.0 Beaver Lake 
 
The Town of Ware is located in Central Massachusetts and is the most eastern town in Hampshire 
County. It is at approximately 475 feet in elevation. Beaver Lake is a privately-owned, 152 acre 
lake located in the western portion of Ware (see Figure 1). The purpose of this chapter is to review 
the past water quality testing performed on Beaver Lake and evaluate the current water quality 
based on samples collected and analyzed by the project team in the fall of 2013.  
 
 
Figure 1 – Location of Beaver Lake in Ware, MA  
 
2.1 Beaver Lake Hydrology 
 
Beaver Lake is a part of the Beaver Brook subbasin, which is within the larger Chicopee River 
Watershed (Davies, 2013). This man-made lake is fed by Quabbin Reservoir and subsequently 
Beaver Brook. Beaver Lake is the central feature of the Beaver Brook subbasin, which covers 
approximately 3,900 acres. The surrounding area of Beaver Lake consists primarily of forested 
area with well-drained soil type. This specifies that 50 percent of the precipitation in the 
surrounding area will seep into the soil and the rest will runoff and eventually flow into Beaver 
Lake (Davies, 2013). The overall environment is a favorable habitat to animals including deer, 
muskrat, heron, owls, beaver and many others.   
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Beaver Lake has a trophic state between mesotrophic and eutrophic, which will support abundant 
aquatic plant life. This trophic state usually has low alkalinity and an excess of nutrients but 
provides for good water quality overall (Davies, 2013). Beaver Lake is currently used for 
recreation. This includes all seasons of the year, with boating, fishing and swimming in the summer 
and ice-fishing, cross-country skiing, and snowmobiling in the winter.  The homes in the area have 
individual wells, and each home has a system for on-site treatment of wastewater. 
 
2.2 Private Status 
 
In 1968, Beaver Lake was converted from a public lake to a private lake. This means that any 
rights to use the water are reserved by the owner(s) of the lake. There is no public access to the 
water, and all land surrounding the lake is private property (Geiges, 2013). Beaver Lake is 
currently owned by the Beaver Lake Trust, Incorporated (BLTI). The BLTI is composed of five 
trustees who purchased fifteen parcels of land, which contained the entirety of the lake, in 
December 2009. This includes ownership of the entire waterfront, meaning property lines for the 
surrounding residents do not go up to the edge of the lake. The lake cannot be sold or developed 
for commercial purposes (BLCC, 2013a).  
 
The BLTI works in cooperation with a larger organization, the Beaver Lake Club Corporation 
(BLCC), which has general authority over homeowners and the recreational uses of the lake. Four 
members of the BLCC and the five BLTI trustees make up the BLTI Board of Directors. Under 
the lake’s “Protective Covenants”, the BLCC is responsible for giving the rights to use of the water 
to property owners. This is defined as property owners who are in good standing (have paid their 
dues) with the BLCC, or property owners who had ownership of their land prior to the private lake 
status given in 1968. 
 
2.3 Water Quality Data Collection 
 
The BLTI and BLCC work to preserve the quality of the lake and maintain a safe environment for 
the residents and friends of Beaver Lake. Water quality testing is important in achieving 
preservation and safety. The BLTI and BLCC recognize the need for regular testing. This project 
was initiated by the BLTI to help meet their goal of maintaining the quality of Beaver Lake.  
Data on water quality in Beaver Lake were collected by two means: (1) historical records from 
volunteer testing and (2) a field study conducted from September to November of 2013. These are 
described in more detail in the following sections. 
  
2.3.1 Beaver Lake Historical Water Quality Records 
 
The historical records on Beaver Lake water quality were obtained from 2010 and 2012. These 
records included information on bacteria, chlorophyll a, secchi disk depth, phosphorus, alkalinity, 
chloride, conductivity, nitrate, pH, DO, and temperature. Samples were collected by volunteers of 
the BLCC. In 2006, a monitoring schedule was created and suggested for water quality testing at 
Beaver Lake. Table 3 shows the suggested frequency of testing between the months of May 
through October for the year of 2012 (Davies, 2013).   
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Table 3 – 2012 Beaver Lake monitoring schedule (each x denotes a sample) 
Month 
Parameter 
May June July August Sept October 
Secchi Disk x xx xx xx x x 
Total Phosphorus x xx xx xx x x 
Alkalinity  x x x x x  
Conductivity x x x x   
Nitrate x x x x x  
DO x x x x x x 
Temperature x x x x x x 
pH x x x x x  
Bacteria x xx xx xx x  
 
2.3.2 2013 Field Study: Sampling Locations 
 
There were seven sample locations chosen on Beaver Lake for the 2013 field study by the project 
team (see Figure 2). The locations were chosen near the inlet, middle and effluent of the lake to 
gain an overall profile of the water quality of the lake, as well as the areas of highest recreational 
use. The samples were taken at the beaches: south beach, west beach and east beach and three 
locations at different sections of the lake: upper lake, middle lake, and lower lake. The upper lake 
location is very close to the main inlet of the lake and lower lake is near the weir and outlet of the 
lake. There is a smaller inlet stream that flows into the lake and samples were taken at that location 
as the seventh sample location, west inlet.  
 
2.3.3 2013 Field Study: Sampling Dates 
 
There were a total of five dates when samples were taken from Beaver Lake: September 29, 
October 3, October 20, November 8, and November 23 of 2013. Every winter, members of the 
BLCC remove wooden boards in the weir to lower the level of the lake for the winter. They 
removed two (2 in. by 4 in.) pieces of wood, one on November 1, 2013 and the second on 
November 15, 2013. The fourth sample was taken on November 8, after the first board had been 
removed but before the second one. The fifth sample date was taken after the water had been 
lowered to the final level it would remain at for the rest of the winter. Ideally, samples should be 
taken throughout the year, especially during the summer months when it is the warmest and 
primary contact recreation will occur.  
 
2.3.4 2013 Field Study: Sample Collection and Analysis 
 
During the first three testing dates (September 29, October 3, and October 20), water samples were 
collected from a motorboat at all seven sample locations. On November 8, samples at upper and 
middle lake, east beach, and west inlet were collected from the lake in a kayak. The lower lake and 
south, and west beach samples were collected from the shore. On the final testing date, November 
23, it was no longer possible to reach the locations by boat and therefore samples were taken from 
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the shoreline; because of this, only samples at lower and upper lake, and all three beaches (south, 
east and west) were collected.  
 
 
Figure 2 – Map of sample locations on Beaver Lake 
 
During each testing date, 1-liter sample bottles were used to collect water samples from the seven 
testing locations. At each location two bottles, one sterile (autoclaved) and one non-sterile, were 
filled with lake water. Samples in the sterile bottles were collected aseptically and were used for 
bacteria testing. Samples collected in non-sterile bottles were used for physical and chemical water 
quality testing. All sample bottles were placed in coolers with ice packs for transportation back to 
the laboratory. 
 
Table 4 includes the summary of the testing procedures conducted on each of the samples.  Tests 
completed in the field were temperature, conductivity and DO. In the laboratory, samples were 
further analyzed for nutrients, bacteria, alkalinity, pH, and turbidity. All field and laboratory tests 
were completed on the same day of testing with the exception of bacteria testing on October 20, 
2013, which was not performed due to laboratory restrictions. Detailed methods for all of the water 
quality testing parameters are described Section 2.4. 
 
UL 
 
ML 
 
LL 
 
SB 
 
EB 
 
WB 
 
WI 
 
Legend: 
 
UL – Upper Lake 
WI – West Inlet 
WB – West Beach 
ML – Middle Lake 
EB – East Beach 
SB – South Beach 
LL – Lower Lake 
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Table 4 – Summary of testing parameters 
Parameter Location Instrument Method 
Dissolved 
Oxygen 
On-site  YSI Model 85 
field meter 
Membrane Electrode Method 4500-O G 
Temperature On-site  YSI Model 85 
field meter 
2550 B 
Conductivity On-site  YSI Model 85 
field meter 
ASTM Designation D1125-82 
Alkalinity Laboratory  Pipet, stir plate, 
beaker 
Titration Method 2320 B 
pH Laboratory pH meter Method 4500-H+B 
Turbidity Laboratory Turbidimeter Nephelometric Method 2130 B 
Nutrients Laboratory Ion 
Chromatography 
Spectrometer 
Nitrate: Cadium Reduction Method 8171  
Nitrite: USEPA Diazotization Method 8507 
Orthophosphate: USEPA PhosVer 3 (ascorbic 
Acid), Method 8048  
Total phosphorus: USEPA PhosVer3 with 
Acid Persulfate Digestive Method 8190 
Ammonia: USEPA Nessler Method 8038 
Bacteria Laboratory Quanti-Trays  IDEXX Quanti-Tray Test Method 9223 B 
 
2.4 Field Study Results 
 
The following sections provide water quality results for Beaver Lake. The results include the 
historical data available from Beaver Lake, the procedures of the 2013 field study, and the results 
of the 2013 study. The 2013 results were compared to the historical data, water quality standards 
for Class B waters, and water quality information for bodies of water in New England. 
 
2.4.1 Dissolved Oxygen, Conductivity, and Temperature 
 
The dissolved oxygen (DO) content of a water sample is the concentration of oxygen in the water. 
DO is essential to aquatic life and low levels can pose an issue to the users of the water and lower 
the water quality (EPA, 2012c). DO levels can vary depending on the temperature of the water, 
with cold water having a higher saturation concentration of oxygen than warmer water (Ritter, 
2010). DO concentrations must be equal to or greater than 6.0 mg/L as set for Class B waters by 
the EPA. The temperature of the water can also influence conductivity in direct proportion. As 
temperature of the water increases, the conductivity increases as well. Conductivity is the ability 
to pass electrical currents through water and is determined by the concentration of conductive 
molecules. 
 
2.4.1.1 Historical Data 
 
The complete historical water quality data available from Beaver Lake in 2010 are shown in 
Appendix A. The historical DO data ranged from 6.14 mg/L on July 22 at the upper lake location 
to 9.70 mg/L on May 13 at the middle lake as shown in Table 5. The average DO for the historical 
data was 7.83 mg/L and all data met the standard set by the EPA, which is greater than 6.0 mg/L. 
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Table 5 – Historical DO, temperature and conductivity data (2010) 
Test Lowest Average Highest 
Dissolved Oxygen (mg/L) 6.14 7.83 9.70 
Temperature (°F) 70.0 73.0 80.6 
Conductivity (µS) 47.9 103.0 133.0 
 
The temperature was monitored to compare to the DO and conductivity of the body of water as 
both parameters are temperature dependent. In 2010, temperatures ranged from 70.0 to 80.0˚F, as 
testing was conducted from May to August.   
 
Conductivity is impacted by multiple factors including inorganic dissolved solids and temperature. 
Inorganic dissolved solids present in water such as nitrate, chloride and phosphate (anions), and 
magnesium, calcium and aluminum (cations) carry a charge and impact the ability of water to pass 
an electric current. Conductivity should also increase with an increasing water temperature 
independent of other variables and is frequently reported at 25°C. The lowest recorded 
conductivity, 47.9 µS occurred in July at the south beach when the temperature of the water would 
typically be at its highest. The highest conductivity, 133.0 µS, was recorded on the same testing 
day in July but at the upper lake location. Therefore, it is likely that conductivity in Beaver Lake 
was influenced by inorganic dissolved solids, in addition to temperature.  
 
2.4.1.2 2013 Field Study Procedures 
 
The DO, conductivity, and temperature were measured in 2013 at each sample location using a 
YSI Model 85 field meter (YSI Inc., Yellow Springs, OH). The YSI Model 85 Handheld Dissolved 
Oxygen, Conductivity, Salinity and Temperature System is a digital micro-processor based meter. 
Since the source of the lake was fresh water, the group was not concerned with salinity. Prior to 
use, the chamber was soaked to provide a water saturated air environment for air calibration. Once 
at Beaver Lake, the device was calibrated for DO by following the Operations Manual; no 
calibration for conductivity or temperature was necessary.  
 
The probe was submerged approximately six inches below the surface at each sample location. 
The temperature was recorded by reading the temperature in degrees Celsius on the display. The 
probe has two conductivity readings modes, both in microsiemens (µS). The first reads the 
conductivity as measured and the second factors in temperature to the conductivity through 
Equation 1. In this equation, TC is the temperature coefficient of 1.91% or 0.0191 and T is 
temperature of the water in degrees Celsius. 
 
Specific Conductance (25℃ )= Conductivity(1+TC)*(T-25)   Equation 1 
 
Only the conductivity measurement that accounted for temperature in the reading was used for 
field study data. The dissolved oxygen probe is stirring dependent and operates by reacting with 
the DO near it, therefore if the probe is left stagnant, the DO around the probe will continue to 
decrease and not give an accurate measurement. To measure an accurate DO concentration, the 
probe was moved through the sample at 1 ft/s. The DO measurements were read in mg/L. 
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2.4.1.3 2013 Field Study Data 
 
The full results of the DO, temperature and conductivity data can be found in Appendix B. The 
relationship between dissolved oxygen and temperature of Beaver Lake was examine. The average 
value for each parameter (considering all sampling locations) was calculated for each testing date 
and plotted, as shown in Figure 3.  Percent DO saturation was also calculated, which is the 
percentage of DO as compared to the total amount of oxygen water can hold at a given temperature 
(EPA, 2012c).  
 
The data confirm the inverse relationship between DO and temperature. The average temperature 
decreased from 20.23°C in mid-September to 5.24°C in late November. The average DO 
concentration in Beaver Lake increased from 7.57 mg/L to 9.89 mg/L over the same time period.  
 
 
Figure 3 – 2013 Temperature and DO testing results 
 
All DO measurements completed in the field study met the EPA criteria for Class B waters (greater 
than or equal to 6.0 mg/L).  The concentrations ranged from a low of 7.45 mg/L (September 20, 
upper lake) to a high of 10.10 mg/L (November 23, lower lake). The data indicate that the DO 
concentration in Beaver Lake is not a concern. However, as water temperature increases, DO 
concentrations will likely decrease and thus monitoring during the summer months is necessary. 
Historical data showed levels as low as 6.14 mg/L in July 2010.  
 
Table 6 shows the measured DO levels in Beaver Lake, averaged based on testing date, versus the 
maximum dissolved concentration for a given temperature (EPA, 2012c). The saturated DO values 
are the maximum possible DO for a body of water at a certain temperature and can be calculated 
by dividing the actual DO concentration by the maximum concentration at the sample temperature.  
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  Table 6 – 2013 DO versus saturated DO testing results  
Date 
Parameter Sept. 20 Oct. 3 Oct. 20 Nov. 8 Nov. 23 
Ave. temperature (°C) 20.23 18.43 15.41 8.89 5.33 
Ave. lake study DO 
conc. (mg/L) 7.57 7.98 8.24 8.73 9.89 
Saturated DO value 
(mg/L)1 9.03 9.37 9.98 11.58 12.64 
Ave. lake study DO (in 
percent saturation) 83.8% 85.2% 82.6% 75.4% 78.2% 
  1 (EPA, 2012c) 
 
The percent saturation of DO in Beaver Lake decreased slightly from mid-September to mid-
November. Testing was completed in the morning on all five testing days; the times ranged from 
9 am to 11 am. DO concentrations can vary over the course of a twenty-four hour period and thus 
some variability in data based on testing time was expected. Although DO concentrations met 
Class B standards, testing should be completed between sunrise and sunset on Beaver Lake as well 
as during bathing season.   
 
The complete results of the conductivity measurements are shown in Appendix B. Conductivity 
values ranged from 112.7 μS to 118.7 μS. Compared to past testing of conductivity (which ranged 
from 47.9 μS to 133.0 μS) the conductivity measurements were more consistent in the 2013 lake 
study. Any significant changes in the conductivity would be an indicator of some discharge or 
pollutant that has entered the ecological system. Therefore, conductivity is important to continue 
to monitor as an indicator of pollution in the system. The data from the 2013 lake study data 
indicates that conductivity does not pose a threat to Beaver Lake.  
 
2.4.2 Alkalinity and pH 
 
Alkalinity is the capacity of a water body to neutralize acids. It is important for surface water 
bodies to be able to neutralize acids and maintain a stable pH. The pH requirements for Class B 
water bodies are between 6.5 and 8.3 (EPA, 2012a). 
 
2.4.2.1 Historical Data 
 
As discussed in Section 2.3, alkalinity and pH were measured on four occasions from May to 
August in 2010 at the lower, middle and upper lake locations. The low, average and high values 
are shown in Table 7. The pH levels from the historical data met the EPA standards. Surface water 
standards (EPA, 2013b) state that alkalinity levels below 15 mg/L is considered low for water 
quality.  
Table 7 – Historical alkalinity and pH data (2010) 
Value 
Parameter 
Lowest Average Highest 
Alkalinity (mg/L) 10.8 14.5 15.6 
pH  6.75 7.00 7.31 
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2.4.2.2 2013 Field Study Procedures 
 
An accumet Basic AB15 pH Meter was used to measure pH. The probe was first calibrated using 
standardized buffer solutions of 4, 7, and 10 pH according to the manufacturer’s instructions. To 
measure pH, the pH probe was suspended in the sample and the pH was recorded after the reading 
stabilized. Alkalinity was determined by a titration according to Standard Method 2320 B (APHA 
et al., 2005). In this method, a volume of sample water is titrated with standard hydrochloric acid 
(HCl) to predefined endpoint.  
 
First, an HCl solution was prepared from concentrated HCl. As the normality of concentrated HCl 
is not known with certainty, the HCl was standardized by titration with NaOH of known strength. 
A titration was completed with phenolphthalein indicator to signify the end point. A 25 mL sample 
of HCl was titrated with a 0.01789 N NaOH. The titration was ran twice to ensure accuracy. The 
volumes of 10.37 mL and 10.38 mL of NaOH were used to reach the endpoint during each run, 
respectively. Then, the exact normality of the HCl solution was found using Equation 2. The 
average normality of the HCl was found to be 0.00742 N HCl.  
NNaOHVNaOH=NHClVHCl               Equation 2       
     
The HCl was then used as the titrant to determine the alkalinity of the lake water samples. The 
alkalinity was assumed as less than 30 mg of CaCO3/L meaning the titration was complete when 
the sample reached a pH of 4.9. For each sample, 250 mL of lake water was measured into a 
beaker, mixed, and the pH was monitored. HCl was added to the sample until a pH of 4.9 was 
reached. The volume of HCl added was recorded. Alkalinity of the water sample was calculated 
with Equation 3; where A is the volume of acid needed for the titration to go to completion, N is 
the normality of the acid and V is the volume of sample. An example calculation of alkalinity is 
shown below and the full details are in Appendix D.   
 
Alkalinity �mg CaCO3
L
�= A*N*50000
V
       Equation 3 
 
Alkalinity= (13.5 mL*0.00742N HCl *50000) / 250mL 
= 16.17 mg CaCO3
L
 
 
2.4.2.3 2013 Field Study Data 
 
The complete table of alkalinity field data is shown in Appendix B. The HCl was standardized on 
October 10 and therefore alkalinity was measured on the three testing days after this date. Due to 
restricted access for some of the sampling locations, the middle lake and west inlet locations were 
not sampled on November 23, 2013. 
 
The alkalinity in Beaver Lake ranged from 13.75 mg/L to 15.8 mg/L. These results from the field 
study are consistent with the historic data from 2010. These low values of alkalinity can cause the 
pH to fluctuate more dramatically and create a toxic environment for plant life. New England has 
soils with typically poor buffer ability. Therefore, the recorded and historic alkalinity of Beaver 
Lake is considered low as compared to freshwater alkalinity levels between 30 and 90 mg/L (EPA, 
2013). Although these lower values are expected for a New England body of water, it is 
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recommended to continue monitoring to assure values do not continue to decrease and drop below 
the current alkalinity of Beaver Lake. To study the impact of the low alkalinity on the water, pH 
was also monitored. The results of the pH levels between September and November are shown in 
Appendix B.  
 
The pH ranged from 6.45 to 6.85. This demonstrates that the fluctuation of pH over the course of 
the three month field test is low, a range of only 0.40. pH levels in the lake tended to be low, 
however, still within the EPA standards of 6.5-8.3. Although one data point was measured at 6.45, 
this value rounds to 6.5 with two significant figures and therefore met the standard. The pH data 
were similar to the historical data with regard to consistency but the average value was lower (6.75 
compared to 7.30). The difference could be attributed to any number of influences, and monitoring 
throughout the calendar year is important to ensure pH values are not fluctuating within a given 
time period. The field study data of 2013, recorded consistent pH values over the test period and 
therefore, is not a present concern of the water quality (EPA, 2013d). 
   
2.4.3 Turbidity 
 
Turbidity is a measurement of the clarity of the water. Less turbid water is cleaner because there 
are less suspended particles in them. Suspended particles include particles from soil, algae, 
plankton and other substances. Turbidity can also be considered for aesthetic purposes with regard 
to the color and odor of the surface water. There were no specific standards for turbidity as set by 
the Class B EPA standards, however, it can contribute to multiple water quality issues including 
reduction of DO levels and inability to pass light through the body of water. Therefore, turbidity 
may reduce the amount of photosynthesis occurring in the lake along with aquatic plant growth.  
 
2.4.3.1 Historic Data 
 
Although turbidity was not available as historical data of Beaver Lake, a secchi disk reading was 
recorded and is related to the turbidity of the lake. The secchi disk is dropped into the water and 
when it can no longer be seen, the depth of the disk is recorded. The historic data from Beaver 
Lake includes secchi disk data from 2004 to 2010 between the months of June and September, as 
shown in Figure 4. There is no consistent trend from year to year on which month has the most 
turbid water and the depth seems to be fairly consistent between 6-10 feet.  
 
2.4.3.2 2013 Field Study Procedures 
 
Turbidity was measured using the Hach Model 2100N Turbidimeter (Hach, Loveland, OH). The 
meter is a Nephelometer, which measures suspended particles using a light or source beam. The 
optical portion of the turbidimeter consists of a tungsten-filament lamp, lenses, and apertures as 
well as a 90-degree, forward-scatter, and transmitted light detector. To measure the turbidity, the 
30 mL cell was filled approximately 30 mL of sample water. A small drop of silicone oil was used 
to coat the outside of the cell.  The cell was slowly inverted to uniformly mix the sample and the 
outside wiped with a Kimwipe. The sample was placed in the turbidimeter. The turbidity reading 
was recorded after the reading stabilized in units of nephelometric turbidity units (ntu).  
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Figure 4 – Historic secchi disk data 
 
2.4.3.3 2013 Field Study Data  
 
The turbidity measurements had a low of 0.86 at east beach, an average of 1.28, and a high of 2.95 
at upper lake. The complete results of turbidity can be seen in Appendix B. The highest value was 
recorded at the upper lake location and result may have been impacted by the boat motor stirring 
up suspended solids from the lake bed. Turbidity readings less than 10 ntu do not pose as a concern 
to water quality. Most standards ensure that turbidity and color are at a degree that is not 
aesthetically displeasing to the residents.  Therefore although there was typically an amber color 
to the lake water, turbidity is not an immediate concern with regard to water quality.  
 
2.4.4 Nutrients 
 
Lakes are natural ecosystems and contain a variety of living organisms all of which need nutrients 
to live and grow. The levels of nutrients in a body of water can affect its overall water quality in 
either excess or shortage. Nutrients that are important to consider for water quality are total 
phosphorus, orthophosphate, and nitrogen in the forms of nitrate, nitrite and ammonia (WEF, 
2011). 
 
2.4.4.1 Historical Data 
 
The testing conducted in 2010 tested for both total phosphorus and nitrate. The readable limit of 
the testing was a concentration of 10 µg/L for phosphorus and a concentration of 10 µg/L for 
nitrogen. Phosphorus was tested with 18 of 20 samples ranging from 10.0 to 55.0 µg/L. Two data 
points were recorded above 55.0 µg/L at 101 and 220 µg/L. All nitrate measurements were below 
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the readable limit in 2010. The complete results of the historical data are shown in Appendix A. 
Table 8 summarizes the low, average and high historic phosphorus concentrations.  
 
Table 8 – Historical phosphorus data (2010) 
Value 
Data 
Information 
Low Average High 
Location Lower Lake NA Upper Lake 
Date 7/22 and 8/31 NA 8/31 
Phosphorus (µg/L) 10.0 40.0 220.0 
 
2.4.4.2 2013 Field Study Procedures  
 
The water was tested for five types of nutrients: total phosphorus, orthophosphate, and nitrogen in 
the forms of nitrate, nitrite and ammonia. The full details of the testing methods are included in 
Appendix E.  
 
All nutrients testing was completed and read using the HACH DR 6000 spectrophotometer. Total 
phosphorus and orthophosphate were tested using EPA methods with PhosVer 3 Powder Pillows 
to reduce the solution from mixed phosphate/molybdate complex to phosphate. Total phosphorus 
was first placed into a reactor to convert the organic phosphate to orthophosphate and then 
underwent the PhosVer3 Powder Pillow reaction.  
 
Nitrate and nitrite also followed EPA reduction methods with Powered Pillows of NitraVer 3 and 
NitriVer 3, respectively. The nitrate was examined through a cadmium reduction and nitrite 
underwent diazotization. Ammonia nitrogen was tested using the EPA Nessler Reagent method. 
The mineral stabilizer complexes the hardness in the water sample and the dispersing agent aids 
in the formation of a yellow color when the reaction of the Nessler Reagent and ammonia occur. 
 
2.4.4.3 2013 Field Study Data 
 
The following data include the results from the five nutrient tests, total phosphorus, 
orthophosphate, nitrate, nitrite and ammonia. The total phosphorus concentrations ranged from 
0.08 mg/L, recorded at south beach on October 20, to 0.43 mg/L, recorded at east beach on 
September 23. The total phosphorus data are shown in Figure 5, with the complete data set included 
in Appendix B for all nutrient results.  
 
The total phosphorus concentrations appeared to decrease from September 23 to October 20 and 
then increase from October 20 to November 23. However not each testing location followed this 
trend. For example, at lower lake, the total phosphorus concentration decreased from November 8 
to November 23. Nutrient levels are expected to drop with the decreasing water temperature 
because of less human contact within the lake, and the decreasing population that lives on Beaver 
Lake in the winter; some homes on Beaver Lake are summer homes only.  
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Total phosphorus results in past testing were on average 40 µg/L or 0.040 mg/L, with two results 
in late August 2010 greater than 0.100 mg/L. The average total phosphorus concentration in 2013 
testing ranges from 0.08 to 0.43 mg/L. The increase in the total phosphorus concentration presents 
a concern for high nutrient content in Beaver Lake. Therefore the monitoring and treating of excess 
nutrients is important to ensure high water quality of Beaver Lake.  
 
The second form of phosphorus studied was the reactive phosphorus, or orthophosphate. The 
dominant form of phosphate in a surface water source is orthophosphate (Quevauviller, 2011). 
Orthophosphates are produced by natural processes and the breakdown of phosphates in water. 
Therefore, surface water may contain higher levels of reactive phosphate than total phosphorus.  
In 2004, the Connecticut Department of Environmental Protection developed criteria and 
parameter ranges for total phosphorus in various surface water conditions.  The acceptable levels 
of phosphate, in lakes similar to Beaver Lake were found to be within the range of 0.01 to 0.05 
mg/L (Quevauviller, 2011).   
 
Table 9 displays the summary of the nutrient field study data with the full results in Appendix B. 
Average orthophosphate concentrations on different days in the 2013 field study ranged from 0.09 
to 2.68 mg/L. These levels exceed the value of the acceptable orthophosphate levels by an order 
of magnitude. The total and orthophosphate testing both raise a major concern for phosphate levels 
in Beaver Lake. Phosphorus can be contributed by human factors or by natural eutrophication in 
the water body. Human influence includes poorly managed septic system, or the use of high 
phosphorus detergents, fertilizers or pesticides.  
 
 
 
Figure 5 – 2013 Total phosphate testing results 
- Lower lake 
- Middle lake 
- Upper lake 
- West inlet 
- West beach 
- East beach 
- South beach 
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Table 9 – 2013 Nutrient testing results 
Concentration 
(mg/L) 
Low Average High 
Orthophosphate 0.090 1.1 2.7 
Nitrate 0.50 1.0 1.5 
Nitrite 0.0020 0.0050 0.0090 
Ammonia 0.080 0.17 0.26 
 
Nitrogen was tested for three different forms (nitrate, nitrite, and ammonia). Nitrate concentrations 
ranged from 0.5 to 1.5 mg/L on different testing days.  The nitrate level in surface water would 
indicate good water quality if less than 1.0 mg/L (Quevaviller, 2011). Although nitrates are 
important for plant growth, together with the high levels of phosphorus, they are an indication of 
eutrophication in Beaver Lake. Nitrate and other nutrients are important to monitor over a longer 
period of time to understand trends in the data.  
 
Nitrite concentrations did not exceed 0.008 mg/L and the average concentration was 0.005 mg/L. 
The nitrite in Beaver Lake does not threaten the water quality and is below the acceptable value of 
1.0 mg/L (Quevaviller, 2011). The levels of ammonia average 0.08-0.26 mg/L. The first two 
testing days for ammonia had concentrations approximately 50 % less than the concentration on 
November 8 and 23. There are multiple factors, both direct and indirect, that contribute to an 
increase in nutrients in a water body. The nutrient levels are a concern of water quality and will be 
addressed through recommendations of best management practices to apply to Beaver Lake.  
 
2.4.5 Indicator Bacteria  
 
Beaver Lake is mainly used for recreation, thus the testing for microbiological water quality is 
essential to human and wildlife safety. The private lake status of Beaver Lake makes it exempt 
from testing schedules imposed on state-owned bodies of water. However, the owners of Beaver 
Lake recognize the importance of microbiological testing, letting the state monitor bacteria levels 
in the summer, and have personally tested for the presence of E. coli in past years.   
 
2.4.5.1 Historic Data 
 
E. coli levels for Beaver Lake in 2010 and 2012 are summarized and compared to the standards 
set forth by Class B Surface Water Quality Criteria in Table 10 and Table 11. E. coli is a subset of 
total coliforms and is one of the most useful, and most common, indicators for the presence of 
harmful pathogens.  Enterococci are the other most common indicator used for the presence of 
pathogens in water quality testing. Past testing indicates that Beaver Lake has remained well within 
acceptable limits for E. coli. Additional testing is recommended on the presence of E. coli in 
Beaver Lake, as well as enterococci, to further investigate the microbiological water quality of the 
lake and help predict its future status.  
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Table 10 – 2010 E. coli levels in Beaver Lake 
E. coli (average colonies per 100 mL) 
Class B Standards 126 
Testing Date 5/13/10 6/16/10 7/22/10 
 
8/31/10 Average 
South Beach 2 10 20 12 11 
East Beach 1 2 10 26 9.75 
West Beach 1 3 24 10 9.5 
 
Table 11 – 2012 E. coli levels in Beaver Lake 
E. coli (average colonies per 100 mL) 
Class B Standards 126 
Testing Dates Late May, June, July and August 
 
 
South, West and East 
Beach 
Maximum Average Median 
 
44 
 
<15 
 
<10 
 
2.4.5.2 2013 Field Study Procedures 
 
The microbiological study included testing for two indicators, E. coli and enterococci. The method 
used was the enzyme substrate test with IDEXX Quanti-Tray method 9223 B. E. coli tests were 
diluted to avoid exceeding the limit of the test, but enterococci did not require dilution. All sample 
bottles were autoclaved to ensure proper sterilization of the testing materials. Total coliforms and 
E. coli were tested by adding a packet of Colilert, a nutrient media used to grow coliforms, and 
100 mL of the sample was added to a Quanti-Tray. Enterococci testing used Enterolert to grow 
enterococci. The Quanti-Trays are incubated, those with Colilert at 35°C, and those with 
Enterolert at 41°C prior to reading. The trays were read by counting any positive wells within 
the tray: there are a total of 49 large and 48 small wells. Positive wells turned yellow to determine 
total coliform, fluorescent blue for E. coli, and fluorescent blue for enterococci. The positive values 
were then compared to IDEXX chart to determine the MPN of bacteria colonies per 100 mL. 
 
2.4.5.3 2013 Field Study Data 
 
The results of the three days of coliform testing and four days of testing for enterococci were 
summarized and compared to the Class B standards in Table 12. The concentration of E. coli and 
enterococci remain well within the limits set forth by the Class B standards. The bacteria levels at 
the beach sampling sites were consistently higher than other locations. The EPA standard for 
bacteria limits is based on a five sample average. The data were collected on Beaver Lake on three 
or four days and this is not a full assessment of bacteria levels. The time of testing must also be 
considered. Testing was completed from September through November and was not representative 
of bathing season weather or lake temperatures. While Beaver Lake has consistently met Class B 
bacteria levels since 2010, it is still important to regularly test for potential pathogens.  
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Table 12 – 2013 Microbiological testing results 
Class B 
Standards 
E. coli (colonies per 100 mL) Enterococci (colonies per 100 mL) 
126 33 
Testing Date 9/21/13 10/3/13 12/10/13 9/21/13 10/3/13 11/23/13 12/10/13 
West Inlet 0 0 X* 3 1 X X 
South Beach 0.5 2.5 0 1 <1 0 0 
East Beach 0.5 0.5 1 1.5 <1 0.5 0 
West Beach 4.7 0.5 0.5 2 2 0 0.5 
Upper Lake 0.5 0 X 4.5 <1 0.5 X 
Middle Lake 0 0 X 1 <1 X X 
Lower Lake 1 3 0 1 <1 0 0 
*Sites marked with “X” were not accessible due to weather constraints 
 
2.4.6 Statistical Analysis 
 
The statistical analysis of the data collected consisted of two tests: a correlation analysis and an 
analysis of variance (ANOVA). The purpose of the correlation analysis was to quantify how 
strongly two quantitative variables are related through their linear association. The purpose of the 
analysis of variance was to conclude if data sets were statistically different from one and other. 
The confidence level for all of the tests was 0.05. See Appendix C for mathematical details of 
statistical analyses. 
 
2.4.6.1 Correlation Analysis 
 
One technique to determine the linear relationship between two variables is through using the 
Pearson’s Correlation Coefficient, r. This analysis determines if there is an association between 
measurements. For example, the correlation analysis will determine if temperature and DO are 
linearly or inversely related to each other. As long as each measurement unit is consistent within 
each parameter, the different variables can be compared. The correlation analysis does not 
determine if two parameters have a cause-and-effect relationship. Instead, it indicates to what 
extent the variables are associated. The Pearson model assumes linear relationships for normal 
distributions, which was an assumption for the statistical analysis. 
 
2.4.6.2 Analysis of Variance 
 
The analysis of variance (ANOVA) technique was performed to analyze the total variation of data 
sets. For this project, the variables were analyzed in terms of the date of the measurement and the 
location.  ANOVA determined if the variance between two data sets was greater than the variance 
within one of the data sets, making them statistically significant. For example, for a variable such 
as DO, the ANOVA determined if DO changed over time or if it varied by location. The ANOVA 
method calculates a p-value, which is the probability that the values within the distribution were 
random of if there was statistical significance. P-value less than 0.05 support the conclusion that 
there is a true difference between data sets (Petruccelli et al., 1999).  
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2.4.7 Statistical Analysis Results 
 
A correlation analysis was completed to compare the linear relationships between different water 
quality parameters. A correlation table was developed in MS Excel using the Data Analysis 
Toolpak’s Correlation function between all of the variables. The table produced r values from -1 
to +1 and were compared to the critical Pearson Correlation Coefficient given the number (n) of 
samples for each variable. The smallest number within a distribution was 32. Critical coefficients 
at n = 30 and n=35 and were interpolated to get a critical r value at n = 32 of r = 0.351. If the 
absolute value of the calculated r value was greater than 0.351, then the two variables were 
correlated. Table 13 shows the results for the correlation analysis. 
 
Table 13 – Calculated r values for correlation of water quality parameters 
 DO Temp Cond pH Alk Turb Total 
Phos 
Ortho 
Phos 
Nitra
te 
Nitri
te 
Amm
onia 
DO 1.000           
Temp -0.864 1.000          
Cond. 0.740 -0.656 1.000         
pH -0.173 0.321 -0.077 1.000        
Alk. -0.552 0.177 -0.458 -0.183 1.000       
Turb. 0.435 -0.364 0.173 0.103 -0.457 1.00      
T.Pho
s 
-0.487 0.462 -0.167 0.146 -0.401 -0.456 1.00     
Ortho -0.251 0.349 0.077 0.205 -0.479 -0.175 0.282 1.00    
Nitrat
e 
0.391 -0.590 0.326 -0.630 -0.003 -0.088 -0.198 -0.349 1.000   
Nitrit
e 
0.308 -0.325 0.398 -0.080 0.279 -0.076 -0.329 -0.028 0.075 1.000  
Amm. 0.642 -0.720 0.347 -0.416 0.011 0.056 -0.086 -0.323 0.118 0.118 1.000 
 
A positive association denoted in green, means the calculated r value was greater than the critical 
r value (0.351) and thus the two variables are directly correlated. For turbidity and DO, the r 
value is 0.43, so as DO increased the turbidity would also increase. This association does not 
mean that an increase in turbidity was caused by an increase in DO or vice versa. An inverse 
correlation, denoted in red, means the calculated r value was negative and the absolute calculated 
values were greater than the critical r value. For temperature and DO, the values were inversely 
correlated (r = -0.864). Table 14 shows what variables had positive and negative correlations. 
 
An ANOVA was performed on each water quality variable to determine if the location of the 
samples influenced the water quality parameters. The ANOVA test was also performed to 
determine if there were differences in water quality by date. The samples were taken over the 
course of two months; therefore, a more in-depth analysis could be completed with year-round 
data. Table 15 displays a summary of the results from the individual ANOVA analyses 
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highlighting whether there is a statistical difference based on a 95% confidence level (p-value ≤ 
0.05). See Appendix C for individual ANOVA tables.  
 
Table 14 – Correlation analysis results summary  
Negative Correlation Positive Correlation 
DO – Temperature 
DO – Alkalinity 
DO – Total phosphorus 
Temperature – Conductivity 
Temperature – Turbidity 
Temperature – Nitrate 
Temperature – Ammonia 
Conductivity – Alkalinity 
pH – Nitrate 
pH – Ammonia 
Alkalinity – Turbidity 
Alkalinity – Orthophosphate 
Turbidity – Total phosphorus 
 
DO – Conductivity 
DO – Turbidity 
DO – Nitrate 
DO - Ammonia 
Temperature – Total phosphorus  
Conductivity – Nitrite 
 
 
Overall, none of the water quality parameter varied by location. Therefore, it appears that water 
quality in Beaver Lake is relatively consistent throughout the lake. All of the parameters varied by 
date with the exception of nitrite. This result highlights the importance of conducting testing during 
the bathing season in particular. For both of these analyses, it is possible that other influences 
besides the date and location influence the results such as sampling and laboratory techniques and 
other possible unknown influences.  
 
2.5 Invasive Species 
 
Lakes can be viewed as small ecosystems within themselves, being home to many different types 
of plants and animals. The native species are meant to thrive in the environment and be a healthy 
part of the lake. The well-being of a lake can be compromised when invasive species infiltrate. An 
invasive species is defined as “an alien species whose introduction does or is likely to cause 
economic or environmental harm or harm to human health…‘Alien species’ means, with respect 
to a particular ecosystem, any species…that is not native to that ecosystem” (McGinly, 2010). 
Humans using the lake for recreation can introduce an invasive species into a lake. Some common 
invasive species found in lakes, which are of concern to Beaver Lake, are zebra mussels, variable 
milfoil, and lily pads.  
 
Zebra mussels are a small, shelled species that attach themselves to hard surfaces, such as the 
bottom of boats and rocks. They reproduce at a rate of 30,000-1,000,000 new mussels per year and 
can quickly overwhelm an area (NH DES, 2014). This invasive species is introduced when boat 
hulls, waterfowl, and turtles transport zebra mussels into a body of water. They can cause problems 
such as altering a lake food web, cutting swimmers with their sharp shells, damage to boat engines, 
and destabilizing docks (NH DES, 2014). Zebra mussels are not currently a problem in Beaver 
Lake however, there have been reports of zebra mussels in Massachusetts. They were first 
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discovered in a small lake, Laurel Lake, in Lee, MA and are recognized as a threat to the 
Commonwealth’s water bodies (EEA, 2014c). 
 
Table 15 – ANOVA results 
Group Parameter P Value Statistically 
Different? 
Date Dissolved Oxygen 3.93*10-11 Yes 
Temperature 8.63*10-28 Yes 
Conductivity 3.78*10-6 Yes 
pH 2.38*10-6 Yes 
Alkalinity 7.37*10-5 Yes 
Turbidity 5.26*10-4 Yes 
Total phosphorus 0.0311 Yes 
Orthophosphate 7.82*10-5 Yes 
Nitrate 1.3*10-5 Yes 
Nitrite 0.3294 No 
Ammonia 4.2*10-6 Yes 
Location Dissolved Oxygen 0.89 No 
Temperature 0.99 No 
Conductivity 0.703 No 
pH 0.986 No 
Alkalinity 0.940 No 
Turbidity 0.790 No 
Total phosphorus 0.934 No 
Orthophosphate 0.756 No 
Nitrate 0.737 No 
Nitrite 0.590 No 
Ammonia 0.590 No 
 
Variable milfoil was addressed as an issue in Beaver Lake in 2011. Variable milfoil is rooted on 
the bottom of the lake and remains submerged. Milfoil has the appearance of pipe cleaners and 
form dense mats of vegetation (Robinson, 2013a). Milfoil affects recreation on the lake, getting 
tangled up in the motors of boats and fouling swimming areas. In addition, variable milfoil, as an 
invasive plant, is highly competitive and can displace native species and also reduce the water 
quality of a lake (McGinly, 2010).  
 
Lily pads are another invasive species that invaded Beaver Lake around the same time as variable 
milfoil. They are large round leaves that sit on the surface of the water, connected to long 
underwater stalks. As an invasive species, they pose similar risks to milfoil in reducing the water 
quality of the lake by competing with other species. They also can cover enough water surfaces to 
prevent sunlight from reaching other organisms living below. Lily pads can also interfere with 
swimming and other recreational activities. 
 
Variable milfoil showed significant growth between 2012 and 2013, expanding its area at the north 
of the lake, and infiltrating areas near the west beach, south beach, and lower lake. In 2012, the 
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lily pads covered a portion (about a third) of the perimeter of the lake. On observational visits in 
2013, the lily pads could be found both around the perimeter and in the middle of the lake.  
 
Figure 6 shows the location of milfoil and lily pads on Beaver Lake in 2012 through 2013. Beaver 
Lake started herbicide treatment for milfoil through Lycott Environmental Inc. in 2011. The lake 
is treated with diquat, which is a contact herbicide that disrupts photosynthesis. A diquat solution 
is held in a tank attached to a boat and released into the water. It has a half-life of 8 hours and is 
almost completely untraceable after a few days. Its effectiveness is highly dependent upon its direct 
contact with the weed. (Laginhas et al., 2013). The lake was treated for variable milfoil in 2011, 
2012 and May 2013. Due to unfavorable weather conditions on planned treatment days for lily 
pads, they were not treated for in 2011 or 2012. Herbicide treatment for lily pads (spraying from a 
motor boat) was initiated in 2013. 
 
 
Figure 6 – Invasive weed locations on Beaver Lake in 2012 and 2013 (BLCC, 2013a) 
 
2.6 Summary of Water Quality in Beaver Lake 
 
The water quality testing at Beaver Lake was conducted in order to establish an understanding of 
the current water conditions. It was also used as a means to provide any suggestions regarding the 
maintenance or improvement of water quality.  The historical data and 2013 field study resulted 
in three areas of concern at Beaver Lake: pH, nutrient concentrations and the effect of invasive 
species. pH levels are low and could fall below the standards set by the EPA. Nutrient 
concentrations are high and can cause many impacts on water quality such as algal blooms. Finally, 
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invasive species can impact the aquatic growth and contribute negatively to the aesthetics of the 
lake. The three considerations are adapted into the design of the management plan and analysis of 
best management practices that apply to Beaver Lake.  
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3.0 Best Management Practices  
 
Best management practices (BMPs) are important for maintaining high water quality in natural 
water bodies. Implementing BMPs also helps prevent pollution or harm to the body of water and 
surrounding environment. BMPs are defined by the Environmental Protection Agency Code of 
Federal Regulations, Title 40 – Protection of the Environment (EPA, 2012b) as the following: 
  
Best management practices (BMPs) means schedules of activities, prohibitions of 
practices, maintenance procedures, and other management practices to prevent or reduce 
the pollution of waters of the United States. BMPs also include treatment requirements, 
operating procedures, and practices to control plant site runoff, spillage or leaks, sludge 
or waste disposal, or drainage from raw material storage. 
  
BMP is a technical term that the EPA uses to describe various techniques and programs to aid in 
compliance but it is also a general term used in reference to water pollution control. The impact 
on the environment through nonpoint source (NPS) pollution can be a significant factor to the 
quality of a water body (EPA, 2012e). NPS pollution comes from land runoff, precipitation, 
drainage, seepage, and hydrologic modification (EPA, 2012e). The range of types of BMPs can 
vary greatly and are often site specific.  
 
Though many BMPs exist, not all are “best” for a particular water body or surrounding area. They 
are dependent upon the water quality needs of the system. For this project, the BMPs chosen for 
evaluation have an impact on the concerns specific to Beaver Lake. The concerns addressed by the 
BMPs are nutrient loading, microbiological loading, and invasive species as well as the physical, 
chemical, and microbiological conditions of the lake. 
 
To ensure that a variety of BMPs are covered, a long-term management plan was the next step to 
sustain the water quality at Beaver Lake. This plan identified the challenges specific to the area 
and the community and presents the best management practices applicable to sustaining and 
improving the water quality of the system. BMPs, appropriate for Beaver Lake, were separated 
into three sections based on the impact to water quality: the monitoring plan, lake practices, and 
household practices. To determine which management practices would be most useful to Beaver 
Lake and attainable by the community, a ranking system was developed. The highest ranked BMPs 
were recommended for implementation.  
 
3.1 Best Management Practice Ranking 
 
There were five criteria used to rank each practice: cost, effectiveness, implementation, 
maintenance, and priority. These criteria were chosen because they represent five important and 
distinct factors that should be considered when choosing BMPs. The criteria were weighted based 
on relative importance, as determined by the project team. A total of 1.00 points was divided 
between the five criteria. Project team members ranked the weight of each criteria from 1-5, with 
1 being least important and 5 being most important, and no value could be used more than once. 
These rankings were summed and then divided by 45 to give a weighted decimal value to each 
criterion, such that the sum of all five weights equaled 1.00. As shown by Table 16, priority was 
weighted the highest at 0.33 because that ultimately determines if a certain BMP needs to be 
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implemented. Effectiveness was weighted at 0.27, as it is important to consider if the practice will 
have the desired effect. Cost and maintenance were weighted similarly at 0.18 and 0.16 
respectively, because both impact an organization’s bottom line. Implementation was weighted as 
least important at 0.07, as it was determined to be the factor that is most easily overcome. The 
weighting factors were used as multipliers for individual BMP rankings, shown in Table 16. 
 
Table 16 – The weighted ranking distribution 
Criteria 
Team  
Member 
Cost Effectiveness Implementation Maintenance Priority 
A 3 4 1 2 5 
B 3 4 1 2 5 
C 2 4 1 3 5 
Sum 8 12 3 7 15 
Weighting Factor 
(sum/45) 
0.18 0.27 0.07 0.16 0.33 
 
Each BMP was given a 1-5 ranking. A value of 1 was the lowest ranking and indicated that a 
practice was unfavorable. A value of 2 indicated that a practice had more negative than positive 
impacts. A value of 3 represented the middle ground and neutrality for the criteria. A value of 4 
indicated that a practice was favorable and would have positive impacts. A value of 5 was the 
highest ranking and represented the “best” practices in each criterion. Further description of the 
ranking system is provided below. 
 
Cost (C): 
1 - Very large initial and/or annual 
2 - Large initial and small to medium annual 
3 - Medium initial, small annual 
4 - Small initial, very small annual  
5 - No cost 
 
Effectiveness (E): 
1 – No direct effect, relies on people  
2 – No direct effect 
3 – Neutral impact 
4 – Directly impacts water quality, tentative effects 
5 – Directly impacts water quality, immediate effects 
 
Implementation (I): 
1 – Dependent on many people, requires lots of organization and resources 
2 – Two out of three things from 1 
3 – Moderate effort and organization  
4 – Effort of one or two parties, some organization 
5 – Minimal effort or resources needed/contracted service 
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Maintenance (M): 
1 – High daily, weekly 
2 – Monthly 
3 – Quarterly 
4 – Annual 
5 – No maintenance needed 
 
Priority (P):  
1 – Lowest priority 
2 – Fairly low priority  
3 – Moderate priority 
4 – Significant priority 
5 – Essential to maintaining water quality 
 
Each project team member provided 1-5 rankings for each BMP and for each of the five criteria. 
The three values for a criterion were averaged and then multiplied by the respective weighting 
factor to give each criterion an individual score. The individual scores were summed for each BMP 
to obtain an overall score. Table 17 shows the overall ranking of BMPs.  
 
BMPs were divided into four categories: monitoring program, stormwater, lake practices, and 
household practices based on their relation to impacting water quality. The highest ranked 
practices are highlighted in green and are recommended for implementation. BMPs were 
considered favorable and applicable if they received a ranking of 3.0/4.0 or better and include the 
following practices: monitoring program, sediment survey, management of invasive species, 
reduction in fertilizer use, and septic system maintenance and repair. They are discussed further in 
Sections 3.2 – 3.4. 
 
BMPs that are not highlighted were considered unfavorable or unnecessary for current or future 
implementation on Beaver Lake. These practices, which include stormwater management, 
waterfowl management, landscaping techniques, and energy saving practices, will not be discussed 
further.  
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Table 17 – BMPs ranking 
C= Cost 
E= Effectiveness 
I= Implementation 
M= Maintenance 
P= Priority 
Category Water Quality Issue  BMP C E I M P Overall 
Monitoring 
Program 
Indicator of chemical, 
physical, and 
microbiological 
conditions 
Monitoring 
Program 0.6 0.5 0.3 0.2 1.5 3.1 
Sediment 
Survey 0.7 0.5 0.3 0.5 1.1 3.1 
Stormwater Nutrient loading 
Educational 
Material 0.8 0.3 0.3 0.7 0.8 2.9 
Structural 
Techniques 0.4 0.8 0.1 0.5 1.0 2.8 
 
 
 
 
 
 
 
Lake 
Practices 
Invasive species 
Exclusion of 
Outside Boats 0.9 1.2 0.2 0.6 1.5 4.4 
Treatment of 
Milfoil 0.2 1.2 0.3 0.6 1.5 3.9 
Treatment for 
Lily pads 0.2 1.2 0.3 0.6 1.4 3.8 
Winter Lake 
Drawdown 0.9 0.9 0.3 0.6 1.3 4.0 
Invasive species 
Invasive 
Species - 
Educational 
Material 
0.8 0.3 0.3 0.7 0.8 2.9 
Nutrient and 
microbiological 
loading 
Waterfowl - 
Signage 0.8 0.3 0.3 0.7 0.7 2.8 
Harassment 
Programs 0.8 0.6 0.3 0.2 0.3 2.2 
 
 
 
 
 
 
 
Household 
Practices 
Nutrient and 
microbiological 
loading 
Landscaping 
Practices 
(Waterfowl) 
0.5 0.7 0.2 0.4 0.8 2.7 
Nutrient loading Ecological Landscaping 0.5 0.8 0.2 0.4 0.6 2.4 
Nutrient loading Reduction in Fertilizer Use 0.9 0.8 0.2 0.6 1.2 3.6 
Nutrient loading Yard Debris Disposal 0.8 0.6 0.2 0.4 0.7 2.8 
Nutrient  and 
microbiological 
loading 
Septic 
Maintenance 
and Repair 
0.5 0.9 0.2 0.5 1.3 3.5 
Nutrient  and 
microbiological 
loading 
Mass Save 
Program 0.9 0.4 0.2 0.6 0.7 2.8 
Household 
Efficient 
Appliance 
0.5 0.5 0.2 0.7 0.7 2.6 
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3.2 Monitoring Program 
 
A lake ecosystem must be closely monitored to protect the water quality and help adapt to changes 
in the system. There are multiple strategies with which to monitor water quality. Often these 
strategies include testing different water quality parameters. A monitoring program was given a 
rank of 3.1, which is an aggregate score representing the monitoring of physical, chemical, and 
microbiological water quality parameters. These parameters can be tested to ensure a program 
practical to Beaver Lake that will promote longevity of the lake (Sokal & Rohlf, 1995). 
Additionally, a sediment survey was given a rank of 3.1, and is a good monitoring practice to 
determine how the lake bottom is impacting water quality. 
 
3.2.1 Priority Justification and Testing Parameters 
 
Testing was conducted on Beaver Lake in 2010 and 2012 by volunteers and in 2013 by WPI 
students as a part of this project. Nutrient levels, specifically total phosphorus, increased from an  
average of 0.04 mg/L in 2010 to an average of 0.2 mg/L in 2013. The phosphorus levels are 
considered poor for water quality. pH values were measured as low as 6.5 which is at the bottom 
end of the EPA standards (6.5-8.3). The 2013 monitoring program was limited to the fall season; 
however, testing should occur during bathing season when primary contact recreation occurs. Also, 
bacteria were measured on only three or four testing days. Therefore, a monitoring program for 
Beaver Lake is considered a high priority. The monitoring should continue with the parameters 
measured during the field study: temperature, DO, conductivity, alkalinity, pH, nutrients and 
bacteria.  
 
3.2.2 Design of Water Quality Monitoring Plan 
 
Water quality monitoring is used to determine whether the water is suitable for its intended use, 
and for Beaver Lake this would be recreational use (Bartram, 1996). It is important to clearly state 
the goals and objectives of a monitoring plan to ensure compliance with those goals when the plan 
is developed.  The goal of this monitoring plan for Beaver Lake is to verify the water quality meets 
the EPA standards. Another goal for Beaver Lake residents is to ensure long term water quality 
and identify areas of concern so that management techniques can be applied to Beaver Lake 
(Bartram, 1996). Lastly, an educational training program must be conducted and provided to 
volunteers conducting the testing.  
 
3.2.2.1 Sampling Locations 
 
The sampling locations are an important specification for providing optimal results from a water 
monitoring program. Numerous sampling locations provide more data, but designing a program 
conducted by volunteers typically requires that sampling locations be condensed and strategically 
chosen. When choosing a site, it should be taken into account processes that may affect water 
quality and their influence (Bartram, 1996). In this case, five sampling locations are recommended 
as shown below in Figure 7. They were chosen as a representative sample of key locations on the 
lake. Upper Lake (UL) represents the main inlet to the lake. West Beach (WB), East Beach (EB), 
and South Beach (SB) represent the areas of most frequent recreation. Lower Lake (LL) represents 
the effluent of the lake.   
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3.2.2.2 Water Sampling Tools and Technologies 
 
The next step in a monitoring plan design is determining the appropriate options for testing. Three 
options for testing are: continuous monitors, field testing, and DEP certified testing laboratories. 
A continuous monitor is a device that automatically records water quality in a time interval that is 
sufficiently small and nearly continuous. These systems are typically four parameter systems and 
measure temperature, specific conductance, DO and pH and provide a record of water quality over 
time. Field monitoring can be conducted with hand held devices that have multiparametric 
capabilities. These devices require minimal maintenance if the instruments are used and stored 
properly. With instructions and training materials, volunteers can easily learn to use the field 
monitoring equipment properly. Water quality can be tested in a DEP certified laboratory, with the 
use of volunteers to collect and deliver water samples. A DEP certified laboratory, such as the 
Quabbin Analytical Laboratory in Belchertown, MA, provides analysis of 12 parameters for a cost 
of $75 per sample. Table 18 provides a summary of the different monitoring techniques to help 
determine the best option for Beaver Lake. 
 
 
 
 
Figure 7 – Map of suggested sample locations on Beaver Lake 
 
Legend: 
 
UL – Upper Lake 
 
WB – West Beach 
 
EB – East Beach 
 
SB – South Beach 
 
LL – Lower Lake 
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It is recommended that the BLCC implement a combination of field monitoring and DEP 
laboratory testing. A monitoring program for volunteers to complete testing on temperature, DO, 
pH and specific conductance is the most cost effective way to monitor those parameters. Samples 
should be brought to a DEP certified laboratory to test for nutrients and bacteria, as these require 
special equipment and skills to complete. The frequency of the testing will depend on the funds 
available from the BLCC. It is recommended that a laboratory conduct nutrient and bacteria 
testing at least once a month in the bathing season (between May and September). To help 
ensure the ease of testing and compiling of data, a chart has been included to help with onsite 
data collection, see Table 19. After the data are collected onsite, an Excel spreadsheet can be 
utilized to compile the data.  
 
Table 18 – Water quality monitoring options 
Category 
 
Monitoring  
Technique 
Parameters Measured Pros Cons 
Continuous Monitors Temp, DO, pH and 
specific conductance 
Monthly or annual 
maintenance  
 
Does not include all 
parameters that 
should be tested 
Field Monitoring Temp, DO, pH and 
specific conductance 
(Potential use of probe 
to measure nutrients) 
Lower in cost  Relies on support 
from volunteers to 
complete 
DEP Laboratory Temp, DO, pH, 
conductivity, alkalinity, 
nutrients, bacteria,  
Professionally 
certified laboratory 
 
Monitoring over an 
extended period is 
expensive to 
complete 
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Table 19 – Testing data collection sheet 
 
Testing 
 
Date: xx /xx/xxxx 
            Location    
 
Parameter       
 
Data Range 
LL UL SB WB EB 
 
 
 
 
 
 
Field Monitoring 
Temperature 
(°C) 
 
N/A      
Dissolved Oxygen 
(mg/L) 
 
≥ 6.0mg/L*      
pH 6.5-8.3*      
Conductivity 
(µS) 
150-300 µS 
     
 
 
 
 
DEP Laboratory 
Nitrogen <0.01 mg/L      
Phosphorus <0.10 mg/L      
Bacteria (E. coli) 
≤ 126 
colonies/100 
mL (average 
of 5 
samples)* 
     
Bacteria (enterococci) 
≤ 33 
colonies/ 
100mL 
(average of 5 
samples)* 
     
*Regulated by Class B EPA Surface Water Quality  
 
If the data do not meet the specifications given for these it does not mean it is not safe for 
recreational use. However, values exceeding the limits would warrant potential action.  
 
3.2.3 Training Program 
 
The volunteers recruited to conduct the water quality monitoring may not have previous experience 
in the field. The training of volunteers will provide them with the general knowledge and skills to 
test water quality (Bartram, 1996). The quality of the data depends on the work completed by the 
field and laboratory staff or volunteers and it is necessary that they are properly trained. Training 
of this nature includes interactive components with a more dynamic learning style. It is also 
recommended that training be conducted in frequent but short term sessions to review and 
reinforce knowledge (Bartram, 1996). Other types of education are instructional guides and 
professional and vocational training.  Instructional guides provide easy to follow steps for the 
monitoring and the information is valid for many years. The step by step process helps provide 
easy reminders to the volunteers after an education program is conducted. Following these 
methods a recommended education program has been outlined for Beaver Lake water quality 
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monitoring. The objective is for volunteers to gain the following information at the end of the 
training program: 
 
• Objectives of the monitoring program 
• Importance of accurate data for Beaver Lake 
• Proper water sampling techniques 
• Information on the monitoring schedule, location and testing procedures 
• Proper use and maintenance of the water quality probe 
• How to compile data and analyze results 
 
The recommended training program would begin with an overview of what water quality 
monitoring is in the form of a presentation or handouts with general information. The 
Massachusetts Department of Conservation and Recreation provides an array of online 
informational pamphlets related to the preservation of lakes and ponds. The preliminary 
information would provide volunteers with a water quality overview and a discussion of the 
objectives of the Beaver Lake water monitoring plan. 
 
They would then learn of their commitments as a volunteer and have the opportunity to decide if 
they wish to get involved. They would be provided with the test sampling collection schedule as 
well as the format in which they would record the data.  If the volunteers decide they would like 
to continue with the monitoring plan, they would begin the hands on portion of the training 
program. The hands on portion would begin with proper sampling techniques and reviewing the 
five site locations the samples would be collected. Each volunteer would then be taught skills to 
properly use the water quality meter. The meter chosen for this monitoring would be a decision 
made by the BLCC after a budget for the program is discussed.  
 
The ideal time frame of the training would begin with the volunteer selection and training 
occurring in the spring of 2014. The monitoring plan would then be ready for implementation in 
the beginning of the summer and continue for one full calendar year. It is recommended that 
Chairman of the BLCC Conservation Committee, Kathy Cronin, organize and facilitate this 
training.  
 
3.2.4 Sediment Survey 
 
The water quality of Beaver Lake has been monitored, with basic water quality testing, for three 
of the past five years. All tests performed have been on the water itself. While this is a good 
indication of water quality, the sediment at the lake bottom can also impact water quality and give 
insight on the history of inputs to the lake. 
 
A best management practice to determine how the sediment of the lake bottom is affecting water 
quality is through a sediment survey. A sediment survey involves taking several samples of the 
lake bottom, at various depths, and having the samples analyzed for parameters such as pH, 
nutrients, and metals (McComas, 2014). The pH and nutrient levels of sediment can indicate areas 
where invasive weed growth is most likely to occur and give an indication of overall nutrient levels 
in the lake (McComas, 2014). Metals in the sediment, such as mercury and lead, can be absorbed 
by fish and other aquatic life, impacting the health of those organisms, as well as the health of any 
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consumer (UNEP, 2014). Sediment surveys are effective in determining the composition of a lake 
bottom and providing data to indicate potential risks. The University of Massachusetts Amherst 
Soil and Plant Tissue Testing Laboratory provides soil analysis services at a cost of $10 per sample 
for “pH, exchangeable acidity, extractable nutrients (P, K, Ca, Mg, Fe, Mn, Zn, Cu, B, S), 
extractable lead (Pb), extractable aluminum (Al), cation exchange capacity, and base saturation” 
(UMass, 2014). Testing for nitrate would cost an additional $5 per sample, and testing for total 
sorbed metals would cost $45 per sample (UMass, 2014). 
 
It is recommended that a baseline sediment survey be conducted on Beaver Lake. The specifics 
for this sediment survey were extrapolated based on a survey conducted in Plymouth, MN on a 
smaller lake (37 acres) of similar depth to Beaver Lake (McComas, 2014). Samples of sediment 
should be taken at 60 locations, of various depths around the lake. Once the samples are retrieved, 
they should be placed in a gallon size Ziploc bag and delivered to the University of Massachusetts 
Amherst Soil and Plant Tissue Testing Laboratory (McComas, 2014). The samples should be 
tested for all parameters available.  
 
3.3 Lake Practices 
 
There are many lake practices that can be implemented to contribute to the well-being of Beaver 
Lake. The most important BMPs are those related to the management of invasive species: 
exclusion of outside boats, treatment of variable milfoil, treatment of lily pads, and winter lake 
drawdown. These practices were given ranks of 4.4, 3.9, 3.8, and 4.0, respectively.  
 
3.3.1 Invasive Species 
 
There are currently three BMPs used on Beaver Lake for the prevention and management of 
invasive species. The first is a regulation on boats that prevents outside boats from introducing 
zebra mussels into the lake. This invasive species can produce up to 1,000,000 new mussels in a 
year and quickly take over an area. There is no effective way to eliminate zebra mussels once they 
are introduced, thus preventing introduction is the only true management practice (NH DES, 
2014). The second is herbicide treatment of invasive weeds. Lycott Environmental Inc. performs 
an annual contact diquat treatment on variable milfoil and lily pads in Beaver Lake. Both species 
cover too much area to allow for alternative management services such as hand or mechanical 
removal. The BLCC can only afford a maximum of one annual herbicide treatment, thus further 
limiting the management options. The third practice used on Beaver Lake is a winter lake 
drawdown. This practice involves lowering the water level of a lake in the wintertime to promote 
freezing and alter the environment, which can kill aquatic weeds and may be a useful management 
technique (Ladewig, 2014). The existence of a weir at Beaver Lake makes this a viable 
management practice that is of no financial cost. It is recommended that these three BMPs be 
continued because they are the most feasible options for Beaver Lake.  
 
3.4 Household Practices 
 
The last category of BMPs was based on household practices. These are mainly small changes the 
lake residents could adopt to reduce negative impacts on Beaver Lake. Although the BLTI and 
BLCC could provide the information about the BMPs, the responsibility falls primarily on the 
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resident to enact a change. The two recommended BMPs from this category are reduction of 
fertilizer use, given a rank of 3.6, and septic system maintenance and repair, which was given a 
rank of 3.5. 
 
3.4.1 Reduction of Fertilizer Use  
 
Phosphorus and nitrogen, both present in fertilizers, are essential plant nutrients and can cause 
algae blooms in lakes (St. Johns River Water Management District, 2013). Nitrogen in the form 
of nitrates is highly soluble in water and can leak into the watershed.  BMPs that helps reduce the 
nutrient loading from these fertilizers are soil testing and reducing the use of fertilizers. 
 
Soil testing is a process of analyzing a sample of soil for its fertility level. Assessing the nutrient 
levels and characteristics in a sample determines the amount of fertilizer needed for wildlife to 
grow (UMass, 2014). The nutrient levels can indicate whether excess fertilizer may enter natural 
water bodies near the site. If nutrient levels test high in the soil, then this can reduce or eliminate 
the need for fertilizers and prevent nutrient loading. 
 
As discussed in Section 3.2.4, the University of Massachusetts Amherst has a Soil and Plant Tissue 
Testing Laboratory that offers a variety of analytical service that determines a soil samples fertility 
level (UMass, 2014). A report from the laboratory is included that has recommendations for 
nutrient and pH adjustments. The process to collect a soil sample includes collecting twelve or 
more subsamples at random in a designated area, combining to create a homogeneous mixture, 
and then air drying the sample. The samples are then placed in a box provided by the testing 
laboratory. The results would highlight the fertility of the soil and give residents a guideline of 
how much to fertilize their yard. This would prevent over-fertilization and reduce the phosphorus 
and other excess nutrient from accidentally entering the lake and reduce the risk of eutrophication.  
 
3.4.2 Septic Systems 
 
Residences on Beaver Lake are equipped with septic tank systems or other on-site treatment 
systems. Septic tank systems can be a large source of ground and surface water contamination if 
not maintained. The contamination from septic systems cannot only be harmful to the ecosystem 
of a water body but to recreational users. Untreated or partially treated septic waste has the 
potential to contain bacteria, viruses, parasites, and fungi (EPA, 2013e). Proper maintenance and 
repair of septic systems is an important BMP to reduce the risks associated with septic systems. 
 
The EPA produced a Homeowner’s Guide to Septic Systems which contained the top four things 
to protect a septic system: (1) Regularly inspect the system and pump, (2) Use water efficiently, 
(3) Do not dispose of household hazardous wastes in sinks or toilets, and (4) Care for the drain 
field (EPA, 2013e). The EPA recommends that an average septic system be inspected and pumped 
every three to five years. Although septic tanks can be a low-cost and efficient means for treating 
domestic waste, it is important to maintain the system for it to function properly. For homeowners 
who have septic tanks, regular inspection and preventative repairs are imperative to protecting 
their homes from backup and the environment from leakage. The costs associated with 
maintenance and upkeep of a septic system can range from a few hundred dollars for an inspection 
to thousands of dollar for repair or replacement. Evaluation of a septic system is very simple and 
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involves contacting a company and scheduling an inspection. If a septic tank is properly inspected 
and maintained, there should be no negative impact on the water body. The BLCC should remind 
residents to conduct regular inspections on their septic systems. 
 
3.5 Conclusions on Best Management Practices 
 
The water quality of Beaver Lake can be sustained and even improved by implementing suggested 
best management practices. The physical, chemical, and microbiological water quality should be 
monitored as part of a regimented monitoring program. This includes testing regularly for 
temperature, pH, dissolved oxygen, conductivity, nutrient levels, and bacteria levels. Additionally, 
a sediment survey should be conducted to determine the chemical properties and nutrient levels of 
the lake bottom. Direct lake practices that should be continued are annual herbicide treatments for 
variable milfoil and lily pads, an annual winter lake draw down, and the exclusion of outside boats 
from the lake. There are also household practices that should be encouraged, which can indirectly 
improve water quality. These include reducing fertilizer use, and septic maintenance and repair. 
While each of these best management practices, individually, has the potential to positively impact 
the lake, implementing most or all of the suggested practices will maximize the desired effects and 
have the greatest impact on the water quality at Beaver Lake. 
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4.0 Weir Design Process  
 
Dams in Massachusetts are regulated by the Department of Conservation and Recreation (DCR), 
an agency within the Executive Office of Energy and Environmental Affairs (EEA). The Office of 
Dam Safety (ODS), which is within the DCR, is responsible for maintaining records of all the 
dams and ensuring their compliance with all state regulations. The current regulations are specified 
in the Dam Safety Statute, MGL Chapter 253 §§ 44-50 (EEA, 2014a). Part of this statute states 
that it is the responsibility of the dam owners to register, inspect and maintain the dam (EEA, 
2014a). In the case of Beaver Lake, the BLTI is the responsible party for ensuring maintenance 
and compliance of the dam. 
 
Every dam has a size classification and hazard potential classification. There are three 
classifications of hazard potential of dams specified in the 302 CMR: high, significant, and low 
hazard. The classification is determined by the impact that failure of the dam would have on the 
surrounding area. High hazard would likely result in loss of life or serious property damage. 
Significant hazard may cause loss of life and property damage. Low hazard indicates that dam 
failure would not likely cause loss of life and minimal property damage (DCR, 2014). A high 
hazard dam needs to be inspected every two years, significant hazard needs to be inspected every 
five, and low hazard needs to be inspected every ten years. The DCR ODS classified Beaver Lake 
dam as having significant hazard potential. The reason for this classification is due to two homes 
located downstream of the weir outlet at a lower elevation than the outlet of the dam, see Figure 
8. There is also a process as defined in 302 CMR 10.06(6) in which dam owners can petition for a 
hazard potential reclassification. Reclassification could be beneficial in terms of reducing the cost 
and frequency of inspections. The ODS will review the reclassification proposal and make a 
decision, which is final and binding. At this time, BLTI has decided that a review of the hazard 
potential classification by the State may be best done during Phase II inspection process, or in a 
separate study at a future date after the Dam evaluation and maintenance is complete. 
 
Since Beaver Lake is a significant hazard potential dam, it must be inspected by a professional 
engineer every five years. This process is called a Phase 1 Inspection (EEA, 2014a). During a 
Phase 1 inspection, a professional engineer performs a visual inspection and analysis of available 
data on the general condition of the dam and submits the report to the ODS (EEA, 2014b). In 2012, 
Lenard Engineering, Inc. (LEI) prepared a preliminary report evaluating the Beaver Lake dam as 
the required Phase 1 Inspection. The report discussed the current condition of the dam and potential 
future action that would be necessary by the BLTI to ensure the dam met all of the ODS 
regulations. Specific recommendations were provided to the BLTI, but this information is not 
publically accessible, and thus is not provided here.  
 
The current weir is designed as a simple board system. Boards are removed during the winter 
months to draw down the lake level. The water flows from the weir directly under the roadway as 
shown in Figure 9. 
 
Two areas of concern with the current weir is the manner in which boards were manually removed 
to lower the lake level and the lack of freeboard at the top of the spillway. Members of the BLTI 
also expressed safety concerns regarding the manner in which the boards were removed. One                                               
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Figure 8 – Structures potentially in danger below dam (adapted from LEI Memorandum) 
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Figure 9 – Current weir structure at Beaver Lake (adapted from LEI Memorandum) 
 
recommendation that would allow the boards to be removed in a safer and easier manner would 
be to implement a crank actuated weir system. Having a system in place to adjust the position of 
boards mechanically rather than by hand would significantly improve the safety and ease of 
operation. In addition, the lake level could be managed more proactively during storm events like 
hurricanes. There is no history of the dam “overtopping”, meaning the water level actually reaching 
the point where water overflows the road and the top of the dam.  Figure 10 shows the flow over 
the weir during hurricane Irene in 2011, which was close to a 100 year rain event for the area.  The 
Dam capacity will be reviewed as part of the Phase II inspection. 
 
The other large concern is the lack of freeboard or open space above the top weir board on the 
concrete retaining wall. There is also a void and uncontrolled seep on one of the walls of the 
spillway. The Beaver Lake dam failed the inspection and is currently in the process of bringing 
the dam into compliance and completing a Phase 2 inspection. The BLTI is currently reviewing 
bids by consulting companies to complete the inspection. This chapter aims at providing insight 
on the weir design process and key considerations to ensure future compliance. 
 
4.1 Overall Weir Design  
 
With the failing of the Phase 1 inspection, the BLTI is now engaging contracting companies to 
complete a Phase 2 inspection and ultimately develop and execute a weir design. A general weir 
design analysis involves a hydrologic analysis, hydraulic analysis, structural analysis, and a cost 
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Figure 10 – Beaver Lake weir during hurricane Irene in 2011 
 
estimate. A full analysis on a weir design was outside the scope of this project. However, this 
section outlines the steps necessary to analyze and develop a weir design for Beaver Lake. An 
overview for the hydraulic, structural, and cost analysis needs is provided, and a preliminary 
analysis was performed on the hydrology of Beaver Lake.  
 
4.1.1 Hydrologic Analysis 
 
The 302 CMR states that there must be a hydrologic investigation performed on the dam site for 
completion of a Phase 1 inspection (DCR, 2009). A hydrologic analysis would investigate the 
flow, distribution, and occurrence of water in the watershed of Beaver Lake. The analysis 
determines the drainage area and runoff characteristics, specifically estimating flood flows. For 
the purpose of this project, a preliminary analysis of the hydrology is the first step in the weir 
design process. Figure 11 is a flowchart of all of the tools used and information needed in order to 
compute the peak flow discharges or probable maximum flood (PMF). The PMF is the maximum 
flow rate at a specific location during a rain event, specifically the flow over the weir.  
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Figure 11 – Flowchart to determine peak flow discharges of Beaver Lake 
 
To complete the analysis, first the watershed must be identified and the boundaries determined. 
Figure 12 shows the major watersheds in Massachusetts. The watershed that encompasses Beaver 
Lake, called the Chicopee Watershed, is highlighted.  
 
 
Figure 12 – Major watersheds in the state of Massachusetts 
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Within the major watershed, the subbasin of Beaver Lake was identified using GIS data, and is 
shown in Figure 13.  
 
 
Figure 13 – Outline of the Beaver Lake subbasin  
 
The watershed is approximately 2.46 square miles. The elevation of Beaver Lake is 384 feet, and 
the highest point in the watershed is 950 feet (Davies, 2009). In the watershed, there are three types 
of sediment found: glacial till, Hinckley loamy sand, and Scituate sine sandy loam. It is important 
to evaluate the soil and land areas as it affects the infiltration rate of precipitation. The National 
Resources Conservation Service (NRCS) has classified over 4,000 types of soils. The classification 
is separated into four different groups based on the run off potential. Each group has an associated 
infiltration rate and texture. For instance, sand has an infiltration rate greater than 0.8 inches/hour 
and is in group A, silt loam has an infiltration rate between 0.4-0.8 inches/hour and is in group B, 
sandy clay loam has a rate between 0.2-0.4 inches/hour and is in group C and clay has an 
infiltration rate less than 0.2 inches/hour and is in group D (NRCS, 2014). For Beaver Lake, 
multiple core samples would be beneficial to identify specific characteristics of the soil. 
 
Precipitation information for Beaver Lake was obtained from previous reports and historical data. 
Table 20 shows the record rainfall of each month in Ware, MA and the year that the record rainfall 
occurred (WeatherDB, 2014).  
 
Table 20 – Historical rainfall records for Ware, MA 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Rainfall 
(inches) 
11.38 10.76 11.85 10.19 11.20 11.71 13.09 18.41 15.62 13.10 9.65 10.58 
Year 1979 1890 1936 1987 1892 1982 1889 1955 1938 2005 1888 1885 
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The highest single day of rainfall was 6.9 inches on September 20, 1938. The average annual 
rainfall in Ware is 47.20 inches (WeatherDB, 2014). The amount of annual rainfall was calculated 
to be 6,195 acre feet (20,200 million gallons) knowing the watershed is approximately 2.46 square 
miles (1575 acre). Additionally, the 6.9 inches over a 24-hour period was used to find the largest 
amount of rainfall in one day and was calculated to be 905 acre feet (513 million gallons). Next, 
the amount of annual rainfall that remains in the watershed was estimated. According to the EPA, 
approximately 66% of precipitation will evaporate or transpire and the other 34% will remain in 
the watershed (EPA, 2014). Therefore 34% of the average precipitation would be 6,900 million 
gallons. Then, the amount of infiltration versus runoff was estimated. Three percent of 
precipitation seeps into the ground and the rest run into rivers and lakes (EPA, 2014). For Beaver 
Lake, it is estimated that 6,250 million gallons per year flow directly into the lake. Although this 
is not a precise estimate, it gives an idea of the amount of water flowing into Beaver Lake each 
year. 
 
It is important to know how much additional water will be flowing through Beaver Lake due to 
precipitation, however, it is hard to determine when the rainfall will occur. It is essential to 
investigate the hydrology during specific weather events and is specifically important to evaluate 
the hydrology during a flood occurrence. Floods are evaluated using the Probable Maximum Flood 
(PMF), which is based off of the Probable Maximum Precipitation (PMP). The PMP is the largest 
amount of possible precipitation for a specific storm in the specific geographic location. A 
computer program called HMR-52 developed by the US Army Corp of Engineers, Hydrologic 
Engineering Center (HEC) estimates the PMP (USACE, 1987).  The program can estimate PMP 
for areas from 10 to 20,000 square miles and storm intervals as small as 5 minutes. The program 
generates a hyetograph, which shows the distribution of rainfall over time. Sub-basin 
characteristics are manually input to the program to using an arbitrary grid system and the given 
elevation. Prior to HMR-52, the National Weather Service (NWS) published a series of 
hydrometeorological reports (HMR) which gave the PMP based on the geographic location. The 
HMR-52 generalized computer program uses that criteria given in these reports. The specific HMR 
used for Beaver Lake would be HMR-51 as it is east of the 105th Meridian (NWS, 2013). Although 
a model has not yet been developed for Beaver Lake, the benefits of this would be a meteorological 
model that could then be combined with a basin model to obtain the PMF.  
 
It is important to ensure that the weir can withstand the highest flow, known as the Spillway Design 
Flood (SDF) (Association of State Dam Safety Officials, 2014). The SDF is determined by the 
potential hazard classification of the dam. As a significant hazard dam, 50% of the PMP is used 
for consideration in design requirements (New Mexico, 2014). An analysis of the PMP should be 
completed using the 100-year, 24-hour storm, which is defined as a flood that has a 1% chance of 
occurring at any given time over a 24-hour period.  
 
To analyze all of the information, the time interval, basin model, and meteorological data can be 
combined and analyzed in a computational modeling program called HEC Hydrologic Modeling 
System (HEC-HMS). HEC-HMS uses the theoretical precipitation and distribution to simulate 
precipitation run off of dendritic watersheds as a combination of hydraulic and hydrologic 
characteristics. The HEC-HMS converts the PMP into the PMF. The HEC-HMS output can then 
be compared to a rational method of runoff determination for accuracy. 
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Downstream characteristics should also be evaluated in order to study the downstream flow as a 
result of a dam failure.  This evaluation is important to determine the flood plain management and 
the methods to prevent damage. A warning system and action plan, in the event of a large flood or 
natural disaster, may also be developed. The action plan could include the effective notification of 
the surrounding homeowners about any potential dangers of a breach, and this is a required 
procedure by the ODS. A hydrologic analysis is a fundamental piece of the weir design process as 
it finds specifications needed for further weir design.  
 
4.1.2 Hydraulic Analysis 
 
Once a hydrologic analysis of the surrounding area is complete, the next step is to perform a 
hydraulic analysis on various types of dam designs.  Two types of dams were identified in this 
weir design, the gravity dam and crest hinge gate dam. Both dam designs are similar to the current 
board system in place. A general hydraulic analysis evaluates the mechanical and physical 
properties of the water in relation to the weir. It also considers how the water will behave upstream, 
downstream, and at the weir itself at various flow conditions, specifically the high volume flows 
found from the hydrologic analysis. Ideally, the hydraulic analysis will determine the proper design 
to allow for the weir to handle the SDF without water flowing over retaining walls or 
embankments. One model that can be used to perform this analysis is HEC River Analysis System 
(HEC-RAS), which is on basic hydraulic equations for open channel flow. HEC-RAS performs 
one-dimensional, steady and unsteady flow and sediment transport computations (USACE, 2014).  
 
A variety of weir design types may be investigated to assess which option would be the ideal fit 
for Beaver Lake. The current weir is set up with wooden boards supported by metal rods which 
act as a barrier in the lake. An alternative to the current setup could be a gravity dam. Gravity dams 
are large, solid masses that acts as a barrier by resisting the overturning and sliding forces of the 
water. A schematic of a low gravity dam can be seen is Figure 14. In order for gravity dams to be 
stable, the moment about the toe of the dam must be smaller than the moment caused by the weight 
of the water table. There are solid gravity dams, which are more common due to their stability, 
and hollow gravity dams, which are less expensive. A gravity dam would be more solid than the 
current setup but might not have as much flexibility of lake level adjustment.  
 
Figure 14 – Schematic of a gravity dam 
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Another type of dam is a crest hinge gate. These types of dams are also known as Bascule, Pelican, 
and flap gates. Crest hinge gate dams are hinged at the base with a movable arm that is typically 
hydraulically operated. A schematic of crest hinge gate can be seen in Figure 15. The crest hinge 
gate would eliminate the need to remove boards for lake drawdown and could be electrically 
operated. The dam could also be adjusted in the event of heavy precipitation.  
 
 
Figure 15 – Schematic of a hinge crest gate dam (USACE EM 1110-2-2607, 1995) 
 
It is important in hydraulic design to have protective measures in place. Most dams have a spillway 
or outlet which can be used in the event of a necessary emergency release. Gated spillways are one 
of the more common controls.  Outlets such as sluiceways or conduits may also be used to control 
flood flows. These emergency control measures should not be used in normal operation of the dam 
(FEMA, 2014). Since lake drawdown is a common practice for Beaver Lake, any design may 
incorporate a manual or automated system which allows for level change. 
 
4.1.3 Structural Analysis 
 
The next step of the weir design process is a structural analysis of all of the chosen designs. The 
major steps involve selection of the initial design, calculating external forces, and then analyzing 
the external and internal stability. Dams can be subjected to various natural events, a specific 
concern for dams are earthquakes. A structural analysis should involve both an internal and 
external analysis. The external analysis investigates the forces that are applied directly to the dam. 
Common external structural analyses will look at water pressure, earth pressure, ice pressure, 
earthquake forces, wind pressure, wave pressure, and weight of dam, weight of foundation and 
reaction of foundation. The size and shape of certain parts of the dam may be unknown before this 
analysis and will be solved for to ensure stability against the external forces. An internal analysis 
should also be performed which is mainly related to the material of the dam. A dam made of 
concrete needs to be able to hold its own weight in addition to the force of the water. Internal stress 
calculations usually determine properties about the material of the dam, such as timber size or 
concrete strength. The majority of dams are earthen, or made out of either concrete or timber. 
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4.1.4 Cost Estimate 
 
The cost estimate is an essential part of the weir analysis. The weir design must have a beneficial 
cost benefit ratio. Cost estimates evaluate the cost of construction materials, labor, machinery and 
special equipment, permitting, engineering design, administration/management, and the cost of a 
temporary dam which may need to be constructed (Dagostino, 2003). In 2013, Massachusetts 
created a $20 million Dam and Seawall Removal and Repair Fund. As a non-profit organization, 
the BLTI and BLCC are eligible to apply for the fund which would assist in final design, 
permitting, construction bid package preparation, and construction.  
 
4.1.5 Design Process Summary 
 
The weir design process consists of a hydrologic analysis, hydraulic analysis, structural analysis, 
and cost estimate. A preliminary hydrologic analysis was performed but an in-depth analysis is 
necessary to begin the design. The hydrologic analysis is essential to complete the hydraulic 
analysis that determines the weir specifications for a specific design. The structural analysis then 
evaluates the external and internal forces of the dam to ensure stability. At least two other weir 
designs should be assessed to determine which design is most practical and cost effective. A cost 
analysis should then be performed for each design and then the design should be selected. Because 
lake drawdown is an effective BMP currently used by Beaver Lake, it is important that the weir 
design incorporate a manual crank or automated system to lower the level of the lake.  
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5.0 Conclusions and Recommendations 
 
The purpose of this project was to assess the current conditions and develop a long-term 
management plan for ensuring high water quality of Beaver Lake in Ware, MA. Water quality 
testing was completed on five dates from September to November 2013 at seven sampling 
locations. There were no immediate concerns drawn from the testing results other than high 
nutrient levels and low pH levels. The lake had acceptable DO values, well above the Class B 6.0 
mg/L standard, and DO concentrations were inversely related to water temperature. As is normal 
with New England surface waters, alkalinity values were relatively low, ranging from 13.8 mg/L 
to 15.8 mg/L. The low alkalinity of the lake resulted in pH values that are on the low end of the 
6.5 – 8.3 standard. Turbidity values were very low, indicating high aesthetic quality. The biological 
water quality indicated a low risk of harmful pathogens, and bacteria levels were well below the 
state standards for recreational waters.  
 
The most notable data were the elevated nutrient levels. Phosphorus and nitrogen concentrations 
are a threat to water quality at a level above 0.05 mg/L and 1.0 mg/L, respectively. The 2013 
phosphorus testing results ranged from 0.09 to 2.68 mg/L and was a significantly higher range than 
the 2010 results. Nitrogen results ranged from 0.5 to 1.5 mg/L. The increase in nutrients can 
indicate the process of eutrophication in Beaver Lake, which can cause water quality issues 
including a decrease in DO levels and threaten the growth of aquatic animals. Invasive weeds, 
variable milfoil and lily pads, have had an increased presence in Beaver Lake over the past three 
years and their continued growth can negatively impact the DO levels in the lake as well as prevent 
the passage of sunlight through the water surface to the lake bed.  
 
The current weir structure on Beaver Lake is in a deteriorating state and failed a Phase 1 inspection 
as conducted by the Massachusetts Department of Conservation and Recreation. The structure 
must be replaced or repaired to meet state regulations. It is necessary to perform hydrologic, 
hydraulic, and structural analyses, and a cost estimate to make strides toward achieving 
compliance.  
 
5.1 Conclusions 
 
Implementing best management practices will help sustain the water quality of Beaver Lake. A 
monitoring program should be implemented to consistently test for parameters that indicate water 
quality. This includes regular testing of temperature, DO, conductivity, pH, alkalinity, nutrients, 
and bacteria. Invasive weeds are one of the largest concerns associated with the water quality of 
the lake. It is recommended that the current management practices for the control of invasive weeds 
be continued. These practices include contact herbicide treatment of variable milfoil and lily pads, 
and an annual winter lake drawdown. Residents of Beaver Lake should also adopt BMPs that can 
indirectly have a positive impact on water quality. They should consciously reduce or eliminate 
the use of lawn fertilizers, and maintain and repair septic systems.  
 
5.2 Recommendations  
 
The water quality testing for this project was conducted from September to November 2013. It is 
recommended that a thorough assessment of water quality, similar to this project, be conducted 
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during the summer months to determine if water quality varies significantly in warmer weather. 
This project focused on the internal water quality of the lake and did not specifically take into 
account external impacts to water quality, such as the watershed and stormwater. It is 
recommended that an in-depth investigation of the watershed be done to determine precipitation 
and stormwater flow. This would also aid in a water balance of Beaver Lake that would be able to 
identify or eliminate specific sources of pollution that negatively impact Beaver Lake. 
Additionally, a survey of stormwater should be completed to assess the impact of runoff.  
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Appendix A – Historical Data (adapted from Davies, 2013) 
 
Table 21 – 2010 Bacteria (E. coli) testing in colonies per 100mL 
Location 
Test date 
E. coli (colonies/100 mL) 
 
 
 
East beach West beach SW beach State limit 
5/13/10 1 1 2 200 
6/16/10 2 3 10 200 
7/22/10 10 24 20 200 
`8/31/10 26 10 12 200 
 
 
Table 22 – 2010 Monthly averages of secchi depth 
          Year 
 
Month        
Secchi depth (feet) 
2004 2005 2006 2007 2008 2009 2010 
June 8.00 9.75 8.00 9.25 9.50 9.70 10.33 
July 7.25 8.15 8.00 8.50 9.70 9.99 10.33 
August 6.75 6.85 6.25 8.25 8.60 8.90 8.25 
September 9.25 9.10 9.00 11.00 9.40 9.25 7.50 
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. 
Table 23 – 2010 Physical and chemical parameter results 
             Date 
        
 
Condition 
Upper lake Middle lake Lower lake 
5/13 6/16 7/22 8/31 5/13 6/16 7/22 8/31 5/13 6/16 7/22 8/31 
Phosphorus 
(µg/L) 
BRL 36 18 14 BRL BRL BRL 16 11.0 BRL 10.0 220 
Alkalinity 
(mg/mL) 
12.9 15.3 15.4 15.6     10.8 14.1 14.9 15.2 
Chloride 
(mg/L) 
22.1 24.4 28.0 25.0     24.0 25.5 25.9 24.8 
Conductivity 
(µS) 
107 119 133 131     91.7 122 133 127 
Nitrate 
(mg/L) 
BRL BRL BRL BRL BRL BRL BRL BRL BRL BRL BRL BRL 
pH 6.57 6.75 6.74 7.09 7.05 7.03 6.79 7.24 7.07 7.05 6.85 7.31 
DO 
(mg/L) 
9.09 7.11 6.09 7.88 9.7 7.6 6.15 8.38 9.57 NA 6.15 8.25 
Temperature
(ºF) 
70 73  72.0 70  80.6  70  80.6  
BRL = below readable limit (BRL for P is < 10 µg/L, BRL for Nitrogen is < 0.01 mg/L) 
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Appendix B – 2013 Field Study Data 
 
Table 24 – 2013 Dissolved oxygen (mg/L) field study data 
          Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average 
Std 
Dev n 
LL 7.60 7.56 8.18 8.90 10.1 8.47 1.062 5 
ML 7.60 8.16 8.55 8.81 Not tested* 8.28 0.526 4 
UL 7.45 8.06 7.84 7.94 Not tested* 7.82 0.264 4 
WI 7.60 8.45 8.45 8.77 Not tested* 8.32 0.502 4 
WB 7.65 8.40 8.35 8.80 9.43 8.53 0.653 5 
EB 7.50 7.98 7.98 9.00 10.05 8.50 1.024 5 
SB 7.60 7.28 8.35 8.88 9.99 8.42 1.079 5 
Average 7.57 7.98 8.24 8.73 9.89    
Std Dev 0.070 0.429 0.257 0.356 0.312    
n 7 7 7 7 4   32 
*Data could not be obtained due to weather and site constraints 
 
Table 25 – 2013 Temperature (°C) field study data 
          Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average 
Std 
Dev n 
LL 19.3 18.3 15.3 8.9 5.2 13.40 6.122 5 
ML 20.2 18.6 15.5 9.2 Not tested* 15.88 4.859 4 
UL 19.3 18.0 15.1 7.1 Not tested* 14.88 5.473 4 
WI 20.5 18.5 15.5 9.0 Not tested* 15.88 5.023 4 
WB 20.9 18.6 15.5 9.4 5.5 13.98 6.411 5 
EB 20.5 18.4 15.5 9.0 5.2 13.72 6.440 5 
SB 20.9 18.6 15.5 9.6 5.4 14.00 6.410 5 
Average 20.2 18.4 15.4 8.9 5.3    
Std Dev 0.680 0.221 0.157 0.825 0.150    
n 7 7 7 7 4   32 
*Data could not be obtained due to weather and site constraints 
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Table 26 – 2013 Conductivity (μS) field study data 
        Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average 
Std 
Dev n 
LL 112.7 114.0 113.4 114.5 116.5 114.22 1.441 5 
ML 113.5 114.6 114.3 115.2 Not tested* 114.40 0.707 4 
UL 114.0 116.4 115.5 113.5 Not tested* 114.85 1.338 4 
WI 114.0 114.6 114.6 117.0 Not tested* 115.05 1.330 4 
WB 114.5 114.7 115.2 115.7 118.7 115.76 1.708 5 
EB 114.0 114.3 114.2 115.3 118.0 115.16 1.665 5 
SB 113.4 114.4 113.9 113.6 117.3 114.52 1.599 5 
Average 113.73 114.71 114.44 114.97 117.63    
Std Dev 0.582 0.780 0.728 1.230 0.943    
n 7 7 7 7 4   32 
*Data could not be obtained due to weather and site constraints 
 
 
 
Table 27 – 2013 pH field study data 
          Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average 
Std 
Dev n 
LL 6.57 6.73 6.71 6.54 6.65 6.64 0.084 5 
ML 6.63 6.83 6.55 6.50 Not tested* 6.63 0.145 4 
UL 6.47 6.84 6.56 6.74 6.53 6.63 0.155 5 
WI 6.56 6.85 6.62 6.50 Not tested* 6.63 0.153 4 
WB 6.62 6.86 6.65 6.54 6.61 6.66 0.121 5 
EB 6.61 6.70 6.49 6.54 6.62 6.59 0.080 5 
SB 6.64 6.76 6.57 6.45 6.59 6.60 0.113 5 
Average 6.59 6.80 6.59 6.54 6.60    
Std Dev 0.059 0.065 0.073 0.092 0.045    
n 7 7 7 7 5   33 
*Data could not be obtained due to weather and site constraints 
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Table 28 – 2013 Alkalinity (mg/L as CaCO3) field study data 
          Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average 
Std 
Dev n 
LL Not tested* 
Not 
tested* 14.94 15.29 14.27 14.83 0.518 3 
ML Not tested* 
Not 
tested* 15.15 15.43 
Not 
tested* 15.29 0.198 2 
UL Not tested* 
Not 
tested* 15.06 15.73 14.02 14.94 0.862 3 
WI Not tested* 
Not 
tested* 14.99 15.33 
Not 
tested* 15.16 0.240 2 
WB Not tested* 
Not 
tested* 15.21 15.51 15.24 15.32 0.165 3 
EB Not tested* 
Not 
tested* 15.05 15.80 13.76 14.87 1.032 3 
SB Not tested* 
Not 
tested* 15.02 15.62 14.69 15.11 0.471 3 
Average   15.06 15.53 14.40    
Std Dev   0.093 0.195 0.583    
n   7 7 5   19 
*Data was not recorded due to normalization of HCl 
 
Table 29 – 2013 Turbidity (ntu) field study data 
          Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average 
Std 
Dev n 
LL 1.05 1.24 1.57 1.40 1.32 1.32 0.192 5 
ML 0.99 1.90 1.58 1.28 Not tested* 1.44 0.391 4 
UL 2.95 0.98 1.21 1.29 1.42 1.24 0.636 5 
WI 0.91 1.35 1.25 1.22 Not tested* 1.18 0.192 4 
WB 1.01 1.22 1.34 1.41 1.22 1.24 0.152 5 
EB 0.86 1.29 1.32 1.26 1.60 1.27 0.265 5 
SB 1.02 1.27 1.50 1.29 1.34 1.28 0.173 5 
Average 0.97 1.33 1.40 1.31 1.38    
Std Dev 0.403 0.267 0.153 0.071 0.142    
n 6 7 7 7 5   32 
*Data could not be obtained due to weather and site constraints 
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Table 30 – 2013 Total phosphorus (mg/L) field study data 
          Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average Std Dev n 
LL 0.31 0.23 0.09 0.15 0.13 0.18 0.088 5 
ML 0.21 0.16 0.14 0.12 Not tested* 0.16 0.039 4 
UL 0.35 0.26 0.11 0.11 0.18 0.20 0.103 5 
WI 0.35 0.13 0.11 0.11 Not tested* 0.18 0.117 4 
WB 0.28 0.21 0.11 0.15 0.17 0.18 0.065 5 
EB 0.43 0.2 0.11 0.18 0.23 0.23 0.120 5 
SB 0.18 0.59 0.08 0.13 0.14 0.22 0.208 5 
Average 0.30 0.25 0.11 0.14 0.17    
Std Dev 0.087 0.154 0.019 0.025 0.045    
n 7 7 7 7 5   33 
*Data could not be obtained due to weather and site constraints 
 
 
Table 31 – 2013 Orthophosphate (mg/L) field study data 
            Date 
Location 
20-
Sep 3-Oct 20-Oct 8-Nov 23-Nov Average Std Dev n 
LL 1.03 2.68 1.25 0.58 1.03 1.31 0.802 5 
ML 0.32 1.32 1.82 0.13 Not tested* 0.90 0.807 4 
UL 1.33 3.22 2.15 0.18 0.89 1.55 1.174 5 
WI 2.30 0.28 1.91 0.09 Not tested* 1.15 1.123 4 
WB 2.49 0.12 0.50 0.23 1.24 0.92 0.982 5 
EB 1.00 0.88 0.45 0.10 1.26 0.74 0.461 5 
SB 0.98 1.08 0.80 0.13 1.29 0.86 0.443 5 
Average 1.35 1.37 1.27 0.21 1.14    
Std Dev 0.777 1.170 0.704 0.228 0.201    
n 7 7 7 7 5   33 
*Data could not be obtained due to weather and site constraints 
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Table 32 – 2013 Nitrate (mg/L) field study data  
Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average Std Dev n 
LL 1.5 0.6 0.7 1.2 1.2 1.0 0.378 5 
ML 0.9 0.5 0.5 1.2 Not tested* 0.8 0.340 4 
UL 1.0 0.6 1.2 1.2 1.2 1.0 0.261 5 
WI 1.0 0.6 0.5 1.3 Not tested* 0.9 0.370 4 
WB 1.0 0.6 1.2 1.2 1.5 1.1 0.332 5 
EB 0.8 0.5 1.2 1.2 1.3 1.0 0.339 5 
SB 0.9 0.7 1.3 1.2 1.2 1.1 0.251 5 
Average 1.0 0.6 0.9 1.2 1.3    
Std Dev 0.227 0.069 0.360 0.012 0.151    
n 7 7 7 7 5   33 
*Data could not be obtained due to weather and site constraints 
 
 
Table 33 – 2013 Nitrite (mg/L) field study data  
Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average Std Dev n 
LL 0.005 0.006 0.004 0.007 0.005 0.005 0.001 5 
ML 0.005 0.004 0.007 0.010 Not tested* 0.007 0.003 4 
UL 0.002 0.007 0.005 0.005 0.005 0.005 0.002 5 
WI 0.004 0.003 0.008 0.008 Not tested* 0.006 0.003 4 
WB 0.005 0.007 0.006 0.007 0.009 0.007 0.001 5 
EB 0.005 0.007 0.005 0.005 0.003 0.005 0.001 5 
SB 0.005 0.004 0.006 0.003 0.008 0.005 0.002 5 
Average 0.004 0.005 0.006 0.006 0.006    
Std Dev 0.001 0.002 0.001 0.002 0.003    
n 7 7 7 7 5   33 
*Data could not be obtained due to weather and site constraints 
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Table 34 – 2013 Ammonia (mg/L) field study data  
Date 
Location 20-Sep 3-Oct 20-Oct 8-Nov 23-Nov Average Std Dev n 
LL Not tested* 0.21 0.11 0.25 0.26 0.21 0.120 4 
ML Not tested* 0.17 0.09 0.25 
Not 
tested* 0.17 0.118 3 
UL Not tested* 0.10 0.08 0.14 0.17 0.12 0.071 4 
WI Not tested* 0.11 0.09 0.19 
Not 
tested* 0.13 0.087 3 
WB Not tested* 0.10 0.13 0.24 0.19 0.17 0.099 4 
EB Not tested* 0.14 0.10 0.24 0.22 0.18 0.105 4 
SB Not tested* 0.11 0.12 0.24 0.22 0.17 0.104 4 
Average  0.13 0.10 0.22 0.21    
Std Dev  0.042 0.018 0.026 0.040    
n  7 7 7 5   33 
*Data could not be obtained due to weather and site constraints 
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Appendix C – Statistical Analysis 
Correlation Analysis 
Equation 2  shows how each data point was standardized. 
X'i=
Xi-X�
sx
                                                                   Equation 2  
where X’i is the standardized data value, Xi is the initial data value, 𝑋𝑋� is the sample mean, and sx 
is the standard deviation. Equation 3 and Equation 4 shows how to calculate 𝑋𝑋� and sx respectively. 
X�= 1
n
∑ Xini=1        Equation 3 
sx=�
1
n-1
∑ Xi-X�
2n
i=1                                                      Equation 4 
where n is the number of variables Equation  5 is then used after the above variables are found to 
calculate the Pearson’s correlation coefficient, r between to values X’i and Y’i. 
r= 1
n-1
∑ X'iY'ini=1                  Equation 5 
The r value can range from a -1 to a +1 where +1 is a positive correlation, 0 is no correlation, and 
-1 is a negative correlation. A confidence level of 95% was used to determine if two variables were 
correlated by comparing the calculated r value to a critical r value based on the number of data 
points in the data set (Petrucelli et al., 1999).  
 
Analysis of Variance 
A baseline for the model is the null hypothesis, H0 which is that the groups had no variation even 
receiving different treatments. To show that groups are statistically different, the null hypothesis 
must be disproved as is compared to a test hypothesis Ha. For H0 all population means are equal 
and cannot be distinguished from one another and for Ha, not all means are equal.  
 
To begin the analysis, the total sum of squares, SSTO is found by taking the sum of squares of the 
model, SSM and error, SSE as seen in Equation 6. 
𝑆𝑆STO=SSM+SSE                                                    Equation 6 
where SSTO, SSM, and SSE are calculated through Equation  7, Equation 8, and Equation 9, 
respectively  
respectively.  SSTO=∑ ∑ (Yij-Y�..)2nij=1ki=1        Equation 7 SSM=∑ ni(Yi� .-Y�..)2ki=1                   Equation 8 SSE=∑ ∑ (Yij-Yi� .)2nij=1ki=1                  Equation 9 
where Yij is the jth observation from the ith population,  𝑌𝑌� .. is the mean of all observations, 𝑌𝑌𝚤𝚤� . is 
the mean for the ith population k is the number of treatments, and n is the number of observations. 
Every sum of squares is associated with a degree of freedom, which is the number of terms need 
to computer the sum of squares. The degrees of freedom associated with SSTO, SSM, and SSE 
are n-1, k-1, and n-k respectively. The sum of squares are then divided by the degrees of freedom 
which results in a mean square. The mean square is an average of the squares. Equation 10 and 
Equation 11 show how to calculate the mean square model and the mean square error respectively; 
a mean square is not usually computed for SSTO. 
MSM= SSM
k-1
     Equation 10 
 MSE= SSE
n-k
                Equation 11 
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SSE measures the unexplainable variation in the model after the data has been fit. The model is 
based on disproving H0 with the test hypothesis, Ha.  
 
ANOVA – Date is with respect to the five different test dates 
ANOVA – Location is with respect to the seven different test locations 
 
Table 35 – Example ANOVA with equations and sources of values 
ANOVA        
Source SS df MS F P-values F-crit Diff? 
Model SSTO-SSE k-1 SS/dfm MSM/MSE Calculator  Yes/No 
Error SSE n-k SSE/dfe  0.010 Table  
C Total SSTO n-1   0.050 Table  
*P-values were found using statistics calculator  
**F-critical of p-values 0.01 and 0.05 were found using Table A.7 Critical Values of the F 
Distribution and were used for reference 
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Appendix D – Alkalinity Standardization 
 
The alkalinity was determined by titration according to Standard Titration Method 2320 B (APHA 
et al., 2005). First, the HCl solution was prepared and standardized. The standardization was done 
by preparing a known normal solution of NaOH using NaOH pellets. The pellets were weighed 
and added to a known volume of reagent grade water. Then, 25 mL of the HCl solution was placed 
in a beaker and a few drops of phenolphthalein indicator were added to signify the end point of the 
titration. The standardization titration endpoint was a color change of clear to pink. The 0.01789N 
NaOH solution was incrementally added to the beaker until the color change was observed. The 
starting and ending volumes we recorded and Equation 3 was used to find the exact normality of 
the HCl solution. 
 
NNaOHVNaOH=NHClVHCl               Equation 12                          
 
The titration was run twice using volumes of NaOH of 10.37mL and 10.38mL. The average acid 
normality was found to be 0.00742N HCl. For the sample water titration, 250 mL of each sample 
was measured using a graduated cylinder and poured into a 500 mL beaker. The beaker was then 
placed on a stir plate and mixed with a stir bar. The titration endpoint was determined by the 
anticipated alkalinity. Based on historical data, it was assumed that the samples would have less 
than 30 mg of CaCO3/L, which meant the pH endpoint was at 4.9. The acid was incrementally 
added to the solution using a burette until the sample was at a pH of 4.9, with the starting and 
ending volume recorded. Equation 2 was used to calculate the alkalinity of the sample in mg of 
CaCO3/L.   
 
Alkalinity �mg CaCO3
L
�= A*N*50000
V
       Equation 13 
 
A is the mL of acid (HCl) needed for the titration to go to completion, N is the normality of the 
acid, and V is the volume of the sample in mL. 
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Appendix E – Nutrient Testing Methods 
 
To ensure the accuracy of our testing procedures, after noticing the higher concentrations of total 
phosphorus and orthophosphate in the laboratory, standard testing was complete. The laboratory 
standard was completed using phosphorus at a concentration of 50 mg/L. The spectrophotometer 
can only read concentrations between 0-2.5 mg/L and therefore a concentration of 2 mg/L was 
chosen to test as a standard. The phosphorus dilution was prepared according to Equation 4. 
 
𝑪𝑪𝟏𝟏𝑽𝑽𝟏𝟏 = 𝑪𝑪𝟏𝟏𝑽𝑽𝟏𝟏         Equation 14 50𝑚𝑚𝑚𝑚
𝐿𝐿
𝑉𝑉1 = 2𝑚𝑚𝑚𝑚𝐿𝐿 100 𝑚𝑚𝐿𝐿 
𝑉𝑉1 = 4 𝑚𝑚𝐿𝐿 
 
A sample of 100 mL of E-Pure and 4 mL of phosphorus (conc. 50 mg/L) was prepared. Using this 
sample, total phosphorus and orthophosphate testing was completed as specified in the nutrient 
methods section. The standard test resulted in 1.99 mg/L of orthophosphate and 1.87 mg/L of total 
phosphorus. These values were then compared to our known concentration of 2.00 mg/L by 
calculating percent error, see equation 5.   
 % error = known−calculated
known
X 100                Equation 15 
 
The percent error for the Orthophosphate standard testing is shown below.   
 % 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 2.00 − 1.992.00 𝑋𝑋 100 = 0.5 % 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
 
The percent error for Total phosphorus standard testing is shown below.  
  % 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 2.00 − 1.872.00 𝑋𝑋 100 = 6.5 % 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
 
The concentrations calculated in the standard testing are both acceptable percent errors (<10%) for 
the standard testing. The standard testing was important to ensure that the in laboratory procedures 
are completed with a certain degree of accuracy.  
 
Total phosphorus was tested using the PhosVer 3 with Acid Persulfate Digestion Method 8910 
and read using the HACH DR 6000 spectrophotometer. A pipet was used to transfer 5 mL of 
sample to the Test n’ Tube vials then a powder pillow of Potassium Persulfate was added. The 
vials were placed into a DRB Reactor at a temperature of 150° C for 30 minutes, allowing for the 
conversion all of the organic or condensed inorganic phosphate present to orthophosphate (or 
reactive phosphate). The Test n’ Tube vials were cooled to room temperature, 2 mL of Sodium 
Hydroxide Standard Solution was added, and each vial was used to zero the spectrophotometer 
prior to final preparation of the sample. After the instrument was zeroed, PhosVer 3 Powder Pillow 
was added to each vial which reduced the solution from a mixed phosphate/molybdate complex to 
only phosphate to be measured in the spectrophotometer. The concentration of total phosphorus 
was recorded in mg/L.  
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Orthophosphate was measured using PhosVer 2 Powder Pillows added to 25 mL of sample in 
spectrophotometer cells, allowing for a 2 minute reaction period after the Powder Pillows were 
added. The Powder Pillows are acid medium containing molybdate, and produce a mixed complex 
of phosphate and molybdate (visually occurs as a bluish color in the spectrophotometer cell). The 
2 minute reaction period allows for ascorbic acid to reduce the complex. The spectrophotometer 
was zeroed with a water sample prior the each reading. The orthophosphate levels in the 
spectrophotometer were read in concentration of mg/L.  
 
Nitrate is examined using a Cadmium Reduction and Powder Pillows Method 8171. Each sample 
was measured (25 mL) and added to a spectrophotometer cell. The powder pillow was added to 
the 25 mL sample and shaken for one minute. A spectrophotometer cell containing only 25 mL of 
sample was used as a blank to zero the HACH DR 6000 spectrophotometer before each reading. 
After a five minute reaction period, the reading was taken and the cell contained an amber color if 
Nitrate was present and the concentration was read as mg/L.  
 
Nitrite was measured in accordance with the EPA method 8507 of Diazotization with Powder 
Pillows.  The spectrophotometer cell was prepared with 25 mL of sample and NitriVer 3 Nitrite 
Reagent Powder Pillow. A pink color developed if nitrite was present. A blank was prepared to 
zero the spectrophotometer before each reading and after a 20 minute reaction period, the 
concentration of Nitrite was read as mg/L.  
 
Ammonia Nitrogen was tested for using the EPA Nessler reagent method 8038. Two- 25 mL 
graduated cylinders were used, one to prepare the blank and one to prepare the sample. 25 mL of 
deionized water was added to the cylinder for the blank and lake water to the other. Three drops 
of Mineral Stabilizer three drops of Polyvinyl Alcohol Dispersing Agent were added to the 
cylinder. Then, 1 mL of Nessler Reagent was added and a one-minute reaction period began. The 
Mineral Stabilizer complexes the hardness in the water sample and the Dispersing Agent aids in 
the formation of a yellow color when the reaction of the Nessler Reagent and Ammonia occur. The 
cylinder containing deionized water was used as a blank to zero the spectrophotometer before each 
reading. The spectrophotometer measured the yellow color in the sample, which is proportional to 
the ammonia concentration, in mg/L NH3-N. 
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Appendix F – Bacteria Testing Methods 
 
Total coliform and E .coli were tested together, and enterococci separately. For these tests, water 
samples were collected in 1-L sterile bottles, which had been autoclaved and sealed prior to 
sampling. Four 250 mL sterile test sample bottles were prepared for each site. Two bottles were 
used for total coliforms/E. coli, and two for enterococci; thus, analyses were performed for each 
bacteria type. Two additional bottles were autoclaved with phosphate buffered saline inside to act 
as blanks.   
 
The testing method used for total coliforms and E. coli was IDEXX Quanti-Trays © (IDEXX 
Laboratories, Inc.) This method can estimate total coliforms counts, measured in colonies per 100 
mL, up to 2419.6 Most Probable Number (MPN). Samples for these tests were diluted to avoid 
exceeding this limit. The test sample bottles used for total coliforms and E. coli tests were 
autoclaved with 75 mL of phosphate buffered saline (PBS). Then 25 mL of water was transferred 
to the appropriate test sample bottles for a total volume equivalent to 100 mL.  A packet of 
Colilert®, a nutrient used to grow coliforms, was added to each test sample bottle and shaken.  
Then the 100 mL sample was added to a Quanti-Tray. The tray was sent through a Quanti-Tray 
Sealer and incubated at 35°C for 24 hours.  
 
The testing for enterococci was completed similarly. No dilution was needed for this type of 
bacteria, therefore 100 mL of just the water sample was added to each test sample bottle.. A packet 
of Enterolert®, a nutrient used to grow enterococci, was added to each bottle and shaken. The 100 
mL sample was then added to a Quanti-Tray, which was sealed and incubated at 41°C for 24 hours. 
 
After letting the Quanti-Trays incubate at their respective temperatures for 24 hours, they were 
removed from incubation and observed for color and/or fluorescence. For coliforms, each tray 
contains 49 large wells and 48 small wells filled with sample. Positive wells were yellow. To 
determine E. coli counts, the trays were held under a UV light and observed for blue fluorescence. 
For enterococci, the trays were observed only for fluorescence, and the positive wells were marked. 
Using a Most Probable Number (MPN) chart provided by IDEXX, the number of positive large 
and small wells were used to determine the most probable number of bacteria colonies per 100 
mL.  
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